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AB31S.ACT 

Porsterite saraples were prepared from pure MgO-SiO^ 
and talC”Bia©iesite.- In the talc-magnesite batches, ball 
clay ana BaCO^ were also usea as adaitives. Samples of 2’’ 
diameter were prepared ana sintered at aifferent tempera- 
tures (1125°C:'"1400°C) for different times {4-i: hrs . -20 hrs , ) • 
X-ray analysis was performed for identification of phases. 
Sintered samples were polished and the measurement of the 
relative dielectric constant K and the quality factor Q 
were conducted in the frequency range of 50 Ec/s-25 Mc/s 
using a Boonton Hadio Co, Q-meter Model 260-AP. Both the 
electroaed and unelectroded samples were used in wired and 
unwirea condition. Capacitance cells, which had been used 
to eliminate extraneous effects were not found helpful and 
were discarded. Finally the K and Q measurements were done 
with electroded ana wired forsterite samples. For the best 
sample, made of talc-magnesite and 6.54 percent BaCO.^, 
having a relative density of 0.93, the K and tan6 values 
were 6.63 and 5x10”“^ respectively and 'that of pure Mg 0 -Si 02 
with relative density 0.89 had shown II = 5.55 and tan6 = 14x10” 
Higher density samples had shown higher K and Q values. 
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iniROjjUCTIOH 

For application as high frequency insulation ceramic 
products are required which are dimensionally stable, have 
gooa mechanical strength, and have a low loss factor. 
Requirements ana classification for these materials are 
inaicated in fable 1. low loss steatite is the most widely 
used iToaterial as it is surpassed for economy in manufacture, 
because the talc used in the composition is easily pressed 
ana causes the least die wear. ■fhe resulting product 
consists of mainly clinoenstatite in a glassy matrix. 

Steatite bodies usually come in class 1-3 to 1-5 of Table 1. 

For lower aielectric losses, forsterite ceramics 
having Mg 2 SiO^ as a main crystalline phase are frequently 
used. Alkaline earth oxide fluxes are used to give excellent 
dielectric properties. 'The high expansion coeffici^t is 
ae trimental for thermal shock but it is an advantage for 
forming ceramic-metal seals, since it provides good match 
for some of the nickel-iron alloys. Table 2 gives typical 
property descriptions of steatite and forsterite ceramics. 

pc p^ 

Forsterite has an orthorhombic crystal structure 
With a =4.76 i, b = 10.21 i, c = 5.98 £ and c* = 5.96 i. 

It is such that each silicon atom is surrounded by a 
tetrahedral group of four oxygen atoms and each magnesium 
is surrounded octahedrally by six oxygen atoms. 
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In the Iig0-Si02 systemjthe two stable phases are 
forsterite (Mg 2 SiO^) and enstatite (HgSiO^), besiaes peri- 
clase (MgO) and silica. The melting point of forsterite is 
1890'^C. Forsterite ceramics have been in commercial use in 
the USAj Europe and Japan. 

Navais'^ in a detailea report on a large number of 
electrical insulators, states that steatite has been the 
acceptea generic name for high-talc containing bodies which 
in firing develop the mineral clino enstatite (Mg 0 -Si 02 ) 
and some cristobalite . These insulators have been used in 
large quantities for many radio transmitter parts during 
World War II and had good aielectric properties and low 
Power Factor ('--0.002) in 300 kc-lmc range with some going 
as low as 0.0004« Unfortunately they became quite lossy 
at centimeter and lower wavelengths. In contrast, forsterite 
composition such as shown in Table 3 maturing at 1250°G 
shows remarkably low losses. 

2 

Atlas in his paper reviewed the earlier works on 
phases of MgSiO^ and mentions the conclusion of the earlier 
workers Allen, Wright and Clement (1S06) that four crystal- 
line modifications, i.e. rhombic enstatite, monoclinic 
clinoenstatite ana two more phases of orthorhombic and 
monoclinic amphiboles exist. Of those, the only stable 
phase at all temperatures was enstatite and that the other 
phases formoa metastably below 1100°C. Atlas in his 
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investigations, hovrever, showed the existence of two stable 
phases, i.e. rhombic enstatite occurring upto 985^0 and : 

protoenstatite occui^ring a^bove 985 °C upto the point of ; 

uissociatioii into forsterite and liquids Clinoenstatite was 
considered to be a low temperature metastable phase formed 
from protoenstatite by rapid cooling, fhe transition 
rhombic enstatite protoenstatite was reconstructive and 
was accelerated by a flux whereas transformation of proto- 
enstatite to clinoenstatite was displacive. 

3 

i'hurnauer had ais cussed forsterite as a low loss 
4 

material. Zaikina aiscussed the formation of clinoenstatite; 
phase in tlic preparation of forsterite from magnesite (58wt2’)| 
ana quartzite (42^'Jt’/) at synthesis temperature range of 
1500-1730°C. 

5 

Poster maae a high temperature X-ray diffraction stuay 
of polymorphic inversion of MgSiO^, which though more relevan! 
to steatite formations has also airect connections to forsterl 
formation. According to this scheme, protoenstatite is the 
stable high temperature phase and clinoenstatite is related ■ 
to it somewhat as low cristobalite is relatea to high 
cristobalite. Poster’s scheme of polymorphism and the 
earlier reported schemes of Bowen and Schairer (1935) and 
Ihilo and Rogge (1939) are shown in Pig. 1 for comparison. ; 
Since protoenstatite has a tendency to disintegrate and 
simultaneously invert to clinoenstatite while s tanning at : 
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room temperature, the presence of this phase in forsterite 
porcelains, except in limitea amounts is to he avoided. The 
phase is stabilised against inversion by (a) the presence of 
a glassy phase in between the protoenstatite crystals or 
(b) when the protoenstatite crystals are present in very 
small sizes and the nucleation rate of the clinoenstatite 
phase is greatly minimised. 

Prom Z-ray and microscopic analysis it was found that 
for the specimens 'without adaitives, the formation of forste- 
rite, which was exothermic was found to set in at about UOO^C 
and complete at 1400°C as shown in Pig. 2. 

She formation of protoenstatite began from 1280°C by 
the seconaary reaction of Mg2t>i0^ and Si02. In the specimen 
with the adaition of 5./ Isolin (PSP-0) which was sintered 
at 1460“1500°C, the phases forsterite, protoenstatite, 
clinoenstatite, a-quartz and periclase, as in Pig. 3 were 
found. In the specimen with 5 kaolin and 10 BaCO^ (PSP-B) 
which sintered at 1300-1420°C as in Pig. 4, the phases 
forsterite, Ba0-Si02, (Ba0)2(Si02)^ and BaO glass were found. 
She dielectric losses at 1 Mc/S of both specimens as in 
Sable 4 were loir ana at 1 Gc/S the loss of PSP-0 was smaller 
than that of PSP-B. 

As practical compositions, the forsterite porcelains 
were also made from sea water magnesia ana sileceous stone 
instead of from pure Mg(UH )2 and silica. She base composition 
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was tlio sane as the earlier one, but the adaitives were 
BaCO^'ZnO and GaO-(B20^)2 glass. The latter were added to 
the base batch in 5/ and 10^ by weight and a blank base 
batch was also made ready. The seven kinas of batches thus 
prepared were calcinea respectively until forsterite forming 
reaction x/as completed. They were ground with additional 5’£ 
kaolin and fired at various temperatures. It was found that 
the aduitivos such as BaCO^, ZnO and CaC(B20^)2 glass had a 
favourable effect of reducing the aielectric loss of the 
fired specimen, especially the adaition of BaCO^j was most 
effective. However, heating in H 2 at 1300°C showed easy 
evaporation and reauction and hence for vacuum tube work 
the adaitives were not recommended. 

7 

Hayami a.nd Ogura studied the kinetics of formation of 

8 

forsterite from MgO and enstatite and Hayami studied the 
reverse case of formation of enstatite from forsterite and 
Si02. The first stuay was of developnent of forsterite by 
solid state reaction in mixed powders of MgO and enstatite 
in various mole ratios in temperature range of 1100-1300°C 
ana times of 100 hrs, followed by quantitative X-ray diffrac- 
tion measurements. Powders used were coarse particles 
(10 micron) of one component in a fine grained (one micron) 
matrix of the other component. The results were shown to 
agree with Gins tling-Brounstein equation. Reaction rate 
constants were determined ana activation energies in range 



6 


of luO-110 kcal/mole were obtained. Fig. 5 show's the G— B 
function D(a) compared with actual experimental aata on 
forsterite formation. 

ihe secona stuay was similarly/ of the two component 
powaer system of iorsterite ana Si 02 from which enstatite 
formation wa,s stuaied. The fit of the G-B function in the 
secona case was not as good. However j the use of functions 
relatea to G-B, showed improved fit. The study indicated 
the development of enstatite on the forsterite as well as 
the SiOg side, suggesting that one MgO of (2 Mg0)Si02 reacts 
with Si02. Mg is believed to be the main diffusing species - 
The results of firing in vacuum suggest that the reaction 
is possibly controlled by the diffusion of Mg ion through 
the enstatite. 

Q 

Sugiura et al. stuaied the relation between the micro- 
structure and the electrical and mechanical properties of 
forsterite. Three kinds of forsterite batches of molar 
ratio Mg0:Si02 = 2.0G;0.82 (M) , 2.00:1.00 (P) and 2.00:1.05 
(S) were calcined at 1300^0 to which 5/ kaolin was added. 

The material was firea to various temperatures. Firing 
shrinkage, apparent specific gravity, water absorption, 
dielectric loss, insulation resistance and bending strength 
of the fired specimen were measured to aiscuss the relation 
between the properties and the microstructure. 
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Above physical properties gave the maximum or minimum 
values at certain firing temperatures. The specimen M fired 
at 1550°C, S' at 139^^0 ana S at 1370^0 gave the maximum 
values of firing shrinkage, apparent specific gravity, Te 
value of volume resistivity, ana bending strength and the 
minimum values of water absorption and dielectric loss. At 
these maximum or minimum points, each specimen showed a 
similar micro structure being composed of forsterite crystals 
of about 10 microns. The texture tras dense but was not of 
the perfect mosaic structure that is obtainable by firing at 
higher temperatures through the rapid growth of the forsterit 
crystals. It was suggested that the best composition lay 
between M and P. 

The effect of kaolin adaition was stuaied by Sano et 

10 

al. The stability of forsterite porcelain at high temp- 
eratures in hyarogen atmosphere, x^rhich is an applicational 
requirement, is improved by kaolin. Zero to 10^ kaolin was 
added ro forsterite which was prepared from Fukushima sile- 
ceous stone and sea-water magnesia in the molar ratio of 
Mg0:Si02 s-s 2;1. The temperature range for the sintering 
of forsterite xfas extenaed remarkably by the adaition of 
kaolin and the firing shrinkage was almost constant within 
this range. The coefficient of linear thermal expansion 
decreased with the increase of added kaolin, and no signifi- 
cant change x^as found by repeated heat treatments. With the 
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adaition of 5 kaolins the aielectric constant and dielectric 
loss vjcre unvaried and these values were excellent for a 
hi£h frequency insulator. The result of X-ray dif traction 
gave only the pattern of forsterite. By microscopic obser- 
vation the forsterite crystal grains changed from allotro- 
morphic to iciomorphic and glass matrix increased with the 
kaolin content . 

‘Table 5 gives dielectric properties of specimens fired 
at different temperatures, 

Sugiura et al.^^ studied the relationship between the 
micro structure ana the thermal expansion of forsterite 
porcelains. The thermal expansion of forsterite porcelain, 
which is one of the most important properties for use in 
electron tube, and the effect of different firing tempera- 
tures plus that of repeated heating cycles were investigated. 
'The coefficient of linear expansion along each axis of 

synthesised forsterite were measured by X-ray giving a=10.47, 

—6 

b=12.50 and c=11.05 x 10 along the respective axis in the 
temperature range of 20 to 800°C, 

deferring to the data of ITavais^ it was pointed out 

O'' 

that the elevation of the firing temperature by 25 C would 

result in an increase of the thermal expansion coefficient 

-6 

by 1.0x10 , a value considered too high for vacuum sealing 

purposes with metal. To study this phenomenon many batches 
of forsterite porcelain were prepared and fired at different 



9 


temperatures. the specimens made of talc, sea-water 
magnesia and jaGO^ shoxfed the marked decrease of the coef- 

— In 

ficient (about lzlO~ ) with the elevation of firing temp- 
erature from 1400 to 1500*^0. Mcroscopic observation 
indicated the increase of glassy pihase which has probably 
the cause of recuction of the expansion coefficient - 

fhe thermal expansion coefficient of specimens contain- 
ing tlgO and Si02 in various ratios have also been measured. 

Porsterite porcelain having excess of SiO^CSiO^ Al’O showed 

—6 

the increase of the coefficient by about 1.2xl0~ by the 
elevation of the firing temperature from 1400°C to 1600°C. 

‘Ihe coefficient however decreased with increase of MgO. The 
specimens containing excess MgO showed only a small variation. 
Mcroscopic observation of the specimens containing excess 
Si 02 showed an excessive growth in crystal size of the 
forsterite when the firing temperature was elevated and the 
coefficient increasea as reported earlier. The samples with 
excess MgO die not show any grain growth ana also the expan- 
sion coefficient aia not change much. 

Por a number of compositions, the effect of repeated 
heatings at lower temperature (10G0°C) after firing at higher 
temperatures, were studied. The results could be classified 
into two gproups. The one in which the coefficient increased 
ana the secona group in which it did not change as much. 

The former had more glass phase under the microscope. The 
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autliors confirmed that the composition of forsterite porce- 
lain for use in electron tube should have excess KgO and the 
glassy substance should be reduc3ed as far as possible. 

12 

bingor* and Adolf reported preparation of a forsterite 
composition matching that of Titanium metal. A prefired 
mixture of MgC and Si 02 in the same proportion as in forsterite, 
together mth 15 / clay or 10 gave a ceramic with the 

req'uired thermal expansion. 

13 

A French patent reports the preparation of crystalline 
2 Mg 0 -Si 02 by the low temperature firing of amorphous Si 02 and 
MgO. Thus 30-60 / by weight of dry wet-pptd. silica ana 
40-70 7 of MgO was calcined at 900-1000°C [or Mg(OH) 2 /MgCO^] 
and ball milled for 24 hours with water. The mixture was 
dried at 10C°C and sieved (lOO mesh). Then 12*/, by weight of 
organic binder (cerosine) was added. The mixture was sieved 
again and molded at 1000 kg/sq.cm pressure. The compacts are 
then baked for 1 hr at 1450°C in a continuous kiln so that 
the material temperature was raised by 75°C/hr to remove 
organic binder and water, A transluscent crystalline 

forsterite porcelain is obtainea in which the tand was 

-5 

5x10 while the dielectric loss of the previous ceramic 

-3 -6 

was 2x10 . The coefficient of thermal expansion of 9.46x10 

could be adjusted to match that of glass by varying Si 0 2 /MgO 
ratio. The ceramics were used in radio tubes, condensers and 
insulators. 
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G-eneral !31ectric of U. K. reportea the proauction of a 
forsterite ceramic matching the thermal expansion coefficient 
of Ti. Ihe material was especially useful for making enve- 
lopes of vacuum tubes. 

15 

Soga and Anderson aeterminea the thermal expansion 
coefficient of forsterite upto lOOO^C. 


Eanchin and Amb-urz determined o^20-1000°C 


Si02 = 12.2 X 10 per deg. C. 


17 

Smoke reviewed 25 years of dielectric researan in 
Rutgers State University describing studies on loss charac- 
teristics of forsterite among other insulating ceramic 


materials. 


Russian workers Usov et al. 


18-20 


reported work on 


forsterite ana related materials for high frequency applica- 
tions . 



CHAP'IIR 2 


EXPERIJyiSNTil, PROCEDURE 

For preparing aifferent types of batches inaicated below, 
the raw materials used were MgCO^, Hg( 0 H) 2 s Si 02 s talc ana 
magnesite. In adaition, ball clay and BaCO^j were u&ea as 
additives in one of the batches. Ihree batch compositions 
(a) stoichiometric compositions with 1-igCO^ ana £>i02j (B) Stoi- 
chiometric composition with Mg( 0 x 1)2 3.na Si02 and (C) magnesite 
ana talc compositions with aaaitions of ball clay and BaCO^ 
(listed in table 6) were used. 

2 • 1 Raw Materials 

Imported grades of MgCO^, Mg(0H)2j Si02 of commercial 
purity were used. Indigenous graaes of talc, magnesite, barium 
carbonate and an imported graae of ball clay were used. 

Barium carbonate ana unwashed ball clay was used as an addi- 
tive in batch C. 'Ihs raw material analysis is given in 
Table 7. 

2»2 lyfe-terial Preparation 
2.2.1 v/eigh i ng 

Correct proportions of raw materials were weighed out 
using a single pan digital balance for the preparation of the 
batches. 
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2.2.2 Mxi n.a, an d grinaing 

All mining and grinaing were done unaer wot conditions . 
£‘or grinning of &i02s MgCO^, Mg(0H)2s Eiagnesite and talc, 
high alumina porcelain lined ball mills with alumina balls 
were usea with water as the liquia. ilethyl alcohol was used 
as the liquia for grinning calcined mterials containing MgO. 

fhe ra.w materials of batch numbers A ana B were first 
mimed ana ground for 2L hours for good communition of the 
Si025 MgCCj and Mg(uH) 2 s particularly the Si02. Batch A was 
then dried and calcined and subseq_uently reground for 4 hrs in 
methyl alcohol media. Batch B, after first grinding and 
drying, was lorsterised ana subsequently reground in two 
steps since the material had become consiaerably hard. 

Firstly, it vias ground in a steel pest el and mortar and 
deironed. Subsequently, it was gi’ound in pot mill for 8 hrs 
in wa/fcer. For processing of Batch C material, firstly the 
magnesite lumps were crushed in steel pestel, deironed and 
ground in ball mill for 24. hours in water. The minus 325 
mesh powder was taken after wet sieving, dried and mixed 
with talc for 4 lirs in a pot mill. After drying the additions 
of ball clay and BaCO^ was maae to make up the compositions 
Shown in tables and mixed for 4 hours in pot mill, to obtain 
the final compositions. All drying was done in a temperature 
controlled electric oven. 
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2.2.3 Calcination ana forsterization. 

Calcination 't’j’as none in silicon carbine heated pot type 
furnace, the materials being kept in hard fired alumina cruci- 
bles „ I‘he materials were introauced cold ana the temperature 
was brought to the calcination temperature in 6-7 hours. 

Batch A and 3 were calcined for 4 hrs at 1000°C, and batch C 
was calcinea for 20 hours at 1150°C. 'Bie higher time and 
temperature was used for batch C as the groimd raw material 
for this was substantially coarser. 

Subsequent to calcination the batch B material was also 
forsterised at 1355°C for 20 hours and reground as noted 
earlier. 

fhe powder density of the above forsterised material was 
determinea by pycnometer. 

2 . 3 X-ray Powder hi f fraction 

In order to fine out the extent of transformation and 
formation of phases auring calcination and f orsterisation, 
powder patterns of calcined powders were taken using GE 2RI/-6 
type aiffractometer with CuE^ radiation. 

2 . 4 Sample Preparation 

Samples of all batch materials were prepared for elec- 
trical property measuremente. 'Ihe powdered material was mixed 
with approximately 2 by wt. of P.V.A. and the powder was 
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pressed into aiscs of 5 cm diameter using a hanu press at a 
load of 15 OGO lbs using a cast iron die. For inuustrial 
purposes j 5000 psi is reasonable. Pellets of 0.5 cm aiameter 
were also made for trial runs and also for X-ray analysis. 

2 .5 Sintering 

Sintering x=ras done in the pot furnace for the lower 
temperatures (below 1250°C). A tube furnace and a big box 
furnace were usea for attaining higher temperatures (upto 
1400°C) . All the three furnaces were silicon carbine heated. 
i'empera.tures were controlled by an 1 ana h on-off type 
controller in conjunction with an oil cooled variac. I'emp- 
eratures were separately measured with Pt and Pt plus lOj^ 

Eh thermocouples ana a potentiometer. 

Maximum sintering temperatures possible were determined 
for different batch materials in tria.l luns so that no stick- 
ing occurred between the disc and the substrates as well as 
in between the discs. different types of coarse prefired 
powders 5 i.e. alumina, zirconia, magnesia, zircon-sand, 
silica, calcined mixture of magnesia ana silica, soft and 
hard fired forsterite compositions, and fired coarse powders 
of the components of batch C were used, fhe best powders were 
those of hard fired materials of the same composition as the 
discs. A few samples were sintered at higher temperatures 
where sticking had occurred. Phis was none to obtain a very 
high density. Phese samples were separated by a diamond 
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cutter. Por the substrates, alumina discs with a layer of 
coarse powder noted above were used. 

Sintering for batches B and C were done in two steps, 
i.e. first they were pre sintered at a lov;er temperature and 
then finally sintered to different temperatures and times. 
Batch A material x;as sintered in one step to different times 
ana temperatures . 

Trial rims for presintering and sintering were taken 
for all batches to determine degree of densification, hard- 
ness (for polishability ) and sticking propensities. 

During presintering runs and low temperature sintering 
which was none in the pot furnace, the samples were covered by 
saggers made of alumina. For higher temperatures, saggers 
could not be usea as the diameter of horizontal tube furnace 
and height of the bow furnace were low. 

Batch A Was fired for different times and temperatures 
as shown in table 9. For batch B, small 3/8" aia pellets were 
placed in the tube furnace at such positions, determined by 
a profile measurement , which gave temperatures of 739, 946, 

1067, 1112, 1151 and 1180 degrees centigrade. They were 

— . ,0 

sintered for I3 hrs and tte temperature of 1112 C was selected 

for presintering after examining the characteristics of the 
corresponding pellets for its polishability. The presintering 
temperature of 1125°C and time of 15 hrs was chosen for 
batch B. 
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Using ihe above mentioned pi-ocediire, the presintering 
temperature and time for batch C vias determine a to be 1100*^0 
ana 4-i hrs respectively . The final sintering temperature 
and times for beitch C were 1150 and 1200°C for 5 hrs. bamples 
of batch A xfere sintered at different temperatures (1260, 

1280, 1300s 13S0 and 1400°C) for different times (5, 10, 11 
and 20 hours). Batch B was studied under presintered condi- 
tion. Batches C 2 ! 0^, were fired at 1150^0 and 1200°C 

for 5 hours after presintering at 110C°C for 4-t hrs and 
subsequent polishing. To obtain highly dense samples batch 
was also fired at 1160, 1180, 1200 ana 1220°C for 10 hrs. 

2 . 6 Polishing 

After firing, the discs were polished in a fabricated 
polishing holaer (ref. 23, fig. 6), using a glass plate and 
100 mesh and 200 mesh powders (SiC). At first, one surface was 
polished by hand. The polished side was fixed to the holder 
with a hardenable resin and the second side was polished down 
to the required thickness. The sample was removed by treat- 
ment with acetone. One sample was polished by 600 mesh 
powder. Polished samples, were stored in a aesicator after 
washing in acetone and oven drying. 

2 . 7 Sample Density 

hensity was determined by geometrical measurements and 
weighment using a micrometer and balance respectively. Percent 
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tlieoretical density was calculated on the basis of theoretical 
forsterite consity (5.2 gns/cc). Approximate density of each 
batch was also found out using 'mixture rule’ ana was denoted 
as calculatea density. 

2 • 8 d'ater Absorption 

fhe standard methoa of test for water absorption (AS'M 

nesi^niation 0373-56) was followed to determine the water 

absorption of the samples. Ihe water absorption (a) which is 

¥— 1 ) 

expressed as a percentage is given by, A = — x lOOj where 
U ana ¥ are the dry weight ana the saturated weight of the 
sample respectively. 

2 • 9 Electroding and Wiring 

Pour types of electroding were used (i) silver paint, 

(ii) silver paste, (iii) vacuum aeposited aluminum and (iv) 
aluminum foil. Samples were painted/pasted on both sides. 
Baking at 150°C in oven was necessary for continuity. It was 
founa that optimum baking time vras required to remove all 
solvenx, develop continuity and give minimum values of contact 
resistance as inaicated by the Q~values of the samples. 
Insulatea copper wires, with their insulations stripped were 
fixed on painted surfaces and further coat of paint was 
applied foi* .establishing continuity between surface and wires. 
She wires were held in position by spots of aralaite . In 
some cases coaxial lead wires were joined to th^e wires. 



19 


The paintea samples, henceforth termed as electroded samples, 
are shown in Tig. 6. Some measurenBii'ts of electroaed samples 
were directly made between parallel plates without wiring. 


2.10 Measuring Methods ana Elimination of Error s 

The measurement of oielectric constant ana Q-factor was 
done on type 260-11, Boonton Raaio Co. Q-meter in the 
frequency range of 50 hc/s to 25 Mc/s . The instrument is 
basically a resonant circuit from wliich the values of Q and 
capacitance of the unioaown sample can be airectly read on a 
meter anu a dial respectively. 


The parallel connection method was used. In this case, 
the circuit was first resonatea, using a type 590-A (Boonton 
Radio Co.) standard coil of known capacitance, to establish 
reference values ana The circuit was reresonated with 

the unknown forsterite capacitor connected to CAP terminals 
(fig. 7) ana standard coil in its original position. The 
altered value of Q 2 and C^ were noted and the actml values 
of K and Q of the material were calculated as follows: 


K 

Q 


(C2 - C^) t 

_ __ 

(Gp - G.) Q.Qp 
' G^ (Ql - Q2)'“ 


( 1 ) 

( 2 ) 


where t and A are the thickness and area of the capacitor 
respectively and e^ is the permittivity of vacuum. 
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louring measurement of K and Q it has been noted that 
different type of errors were entering into the results. ’lo 
eliminate these, measuring methoas were subsequently changed. 

Also to check whether any apparently invisible errors had 
been introauced or not, variations were done. fhese errors 
and their elimination are discussed here along with variation 
in measuring methods. 

( i ) Electrode baking conditions : 

If the silver paint which is use a to electrode the 
sample is not properly’- baked the sample under test shows low 
Q and high K values. Ihus the presence of solvent obstructs 
in getting the actual inherent material property (i.e., E and Q) j 

To remove this, baking time was varied. The sample was 
kept in electrically heated oven at a particular temperature 
for different lengths of time, 

(ii) L ead length variation and electrical shieldings 
Blectroded samples with leans were used first for measure- 
ment of K and Q. Lead length was varied to see whether there 

is any effect of lead length on K and Q. I 

I 

■ ' ■■ 1 
i 

measurements were also done by electrically shielding I 

the samples by putting the sample in a completely closed | 

aluminium box. Electrical shielding of the lead was uone | 

by using coaxial xfire. Shielding was done to remove any 
extraneous effect on sample which is found at high frequencies. 
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Measurements liiere taken using shield both in grounaed. and. 
ungrounaed condition. 

( i i i ) Mumb e r of leads 

liie contact resistance has a prominent role in finding 
out actual Q and K of the material. Use of multiple leads 
should incre0.se contact area and thereby ensure low contact 
resistance and at the sam.e time reduce contact inctuctance 
effect. This is why measurements were taken using multiple 
leads though extra capacitance is introduced by its use. 

( Pringo effect 

Fringe effect was taken care of in micrometer methods 
(described later) at later stages using guardrings which was 
grounded. Measurements were also taken using guardring having 
the same potential as that of lower electrode. 

If the test specimen ana guard electrode extend beyond 
the guarded oloctroae by at least t^fice the thickness of the 
specimen and the guard-gap is very small, the field distribu- 
tion in the guarded area will be identical with that existing 
when vacuum is the dielectric. Furthermore, tho field between 
the active oloctroaes is defined and the capacitance can be 
calculated with the accuracy limited only by the accuracy with 
which the dimensions are known. 

(v) Porosi ty 

Samples used for measurements wore not completely dense. 
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i.eo they dia not possess zero porosity. We coula not reach 
zero porosit^’ because of firing problems. It is eviaent that 

P7 

porous material will show a low K value. 

If some moisture is in aasorbeu state in the pores it 
will show a lower value of Q. For this the samples were 
always kept in a uesicatoi- ana also plastic baggea during 
measurement. 


To see whether there is any difference in £ and Q values 
between electroded and unelectroded samples, both of them 
were usea, iteliability of micrometer set up was checked 
using air. 


( Vi) Thickness variation 

Variation of sample thickness has two effects. 

(a) The capacitance (AC) of the sample increases with 

Ac 

lowering of sample thickness ana thus jr- becomes high as C. 
is constant at a particular frequency. From equation (2) 


Q a 


(C. 


C3_) 


Q. 


C. 




Q'P' 


i . e . Q a 


^1 


Q 


_2 


as is constant for a particular frequency. 

'■ip Ac 

Now, --p must decrease if the ratio is made higher 

as Q is a material property. This can only be achieved by 

decrease of the Q 2 value which in turn increases the k\Q 

value. 

It was found during measurements that some times the 
reading of A Q value demanas eye estimation. So, if the ratio 
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is increa-sed, which can be made close to unity by adjust- 
ing frequency j more accurate AQ value is obtainable and 
thus higher accuracy can be achieved. 

(b) ¥ith decrease in sample thicicness the fringe effect 
decreases a,nd thereby increases the accuracy of the K value 
measurement. 

The different types of measurements performed are listed 

below. 

( 3 -) bead : The number and length was varied and also coaxial 
wires were used. 

(b) Electrod e ; Both the electroaed (wired ana unwired) and 
unelectroded samples wore use-a. different types of electro- 
des used were (i) silver paintedj (ii) silver pasted, (iii) 
vacuum deposited aluminum ana (iv) aluminum foil. 

(°) Parallel Plates z. Both flat and pointed electrodes were 
used (Pig. 8). 

(d) Gcll : Capacitance cells were designed in accoraance 
with ASTM standards ( 1150-65 T). The errors caused by the 
series inductance, capacitance and resistance of the connect- 
ing leads at high frequencies are eliminated by this micrometer- 
electrode method. It accomplishes this by maintaining these 
inductances, capacitances and resistances relatively constant, 
regardless whether the test specimen is in or out of the 
circuit. The specimen, which is either the same size as, or 
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smaller thaiis the electrodes is clampea between the elctroaes. 
It is stated that unless the surfaces of the specimen are 
lapped or ground very flat, metal foil or its equivalent must 
be appliea to the specimen before it is placed in the elec- 
trode system 

The arrangement of the ungrounaed and unshielded cell 
is shown in Pig. 9- fhe experimental variations done in this 
cell were (i) change of air gap to see fringe effect on the 
£ ana Q values ana (ii) variation of air gap with unelectroded 
ana electroaed sample in series with the gap. 

One more capacitance cell (Pig. 10) was designed in 
which a guard ring was properly placed anu complete electri- 
cal shielding was ensured (using an aluminium box) . Short 
shielaea leads were also used. These were done to minimise 
extraneous effect. The variations employed were (i)- use of 
only air (ii) use of electroaed sample ana (iii) use of 
unelectroaed samples. 

Measurements were taken with, 

(i) Guardring having the same potential as that of lower 
electrode. 

(ii) Unguarded, shield grounded. 

(iii) Unguarded, shield ungrounded. 

(iv) Guarded, shield grounded 

(v) Guarded, shield ungrounaed. 

(vi) Upper electrode soldered, unguarded, shila grounded. 

(vii) Ungrounded, unshielded. 
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In all these measurements in capacitance cell it was observed 
that the inherent capacitance of the cell itself had been 
giving much trouble for finaing out the actual K ana Q values 
of the materials fo minimise this inherent capacitance a 
new cell was designed with minimum amount of dielectric 
material used. Ihe feature of this cell was the same as 
shown in Fig. 10 with a few aifferences which were as follows j 

(i) Structure was of aluminium plate which itself had 
acted as a shield. 

(ii) Both the lower electrode and the guardring were 
placed on alumina setters fixed by araldite. ‘Ihis 
was done to disconnect the lower electroae, and the 
guardi*ing from the body. 

(iii) 'The diejneter of the lower electrode was ne.de smaller 
than that of the smallest sample. 'This v;as done to 
ensure proper guard action. 

(iv) A glass tube was used to insulate the micrometer so 
that it could not touch the body. 

Ihis cell was used in (i) guaraed, shield ungrounded, 
(ii) guarded, sliield grounded, (iii) guaraed, shiela with 
micrometer cap grounaed, and (iv) guarded, shield with 
micrometer cap imgrounaed conaitiors. 

Finally, the measurement with electroded and wired 
(short single lead) samples were adopted as the extraneous 
effect was unremovable with cell measurements. 



CHAPmi 3 

RSSUITS AHiJ LISCUSSION 


5 • 1 Proces si ng 

3.1.1 Raw la at erials 

The analysis of MgCO^, SiU 2 i talc, mgnesite and "ball 
clay is given in table 7. 

3.1.2 I'lixLnfi a na grinding 

All mixing and grinding was done in a potmill using 

alumina balls as grinding media. Previous work of las and 
21 

Grupta showed that assuming wear conaitions with ferrite 
charge no more severe than empty ball load, the contamination 
level in the alumina jar was 0.2'/ per hour. The contamina- 
tion per 1000 gmsballs per hour was 0.484 gm. For our case 
the contamination will be about 0.25 / of alumina per hour as 
ball; material ratio was 5:1 in comparison to 4:1 for las 
and Gupta's ca,se. 

3.1.3 Calcination an€ fors terization 

The object of •alcination was to remove COg* structural 
water and any other volatile matter (if present) from the raw 
materials, luring decomposition of the raw materials, the 
particles would become finer. Finer particles a 2 ?e expected 
to improve sintering. 
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Forsterization was done at 1355°C for 20 hours as this 
was the maxiimLi attainable temperature which was imposed by 
the inherent limitation of the furnace available at that time« 
Ihe extent of f orsterization will be discussed later ( 3 - 2 ). 

3.1.4 Sample preparation 

Big samples of 5 cm diameter were pressed at 5,000 psi 
ana small samples of 0.5 cm diameter were pressed at 18,000 
psi. i’he green aensities of the samples are shown in tables 
8 , 9 and 10 . 'Ihe green densities of 'big samples are found 
lower than those of small samples. Shis is because of the 
lower applied pressure during forming of large samples. She 
limitation imposed by the press capacity ( 15,000 lbs) had 
prevents a the use of higher pressure on the large samples. In 
commercial practice, however, pressure generally does not 
exceed 5,000 psi. 

Among all the small pellets of talc-magnesite composi- 
tion (table 8), the batch shows highest green density 
( 1,96 gms/cc) and the batch shows the lowest (1.63 gms/cc) . 
Packing efficiency increases with increase in number of size 
fractions, i.e. if 3 size fractions ai*e used in place of 2 
size fractions. Both ball clay ana BaCO^ were used as 
additivfs for iiaking batch C 2 whereas there was no additive 
for the batch 0^. Humber of size fractions being more in 
the batch C 2 anc also higher density of BaCO^ (4.43 gms/cc) 
had increased the green aensity. fhe green density of batch 
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is more than as the density of the additive (BaCO^) 
which was added to the hatch is higher than that of ball 
clay (calculated density 3.19 gms/cc) which was added to the 
batch 02 _. 

large samples which were pressed at higgler pressure 
shovf hi^er density (table 9). 

3.1.5 Sinter ing 

Results of densif ication and thermal history have been 
shown in tables 8-13. 'Ihe densest samples used for electrical 
measurement possess an average density of 2.97 gms/cc (C^ 
composition). These samples were firod at 1180°C for 10 hours. 
The highest density achieved for batch A is 2.85 gms/cc. It 
Was found for batch (table 13) that porosity increases 
with sintering at temperatures higher than 118Q°C for 10 
hours. Bloating is the probable cause for such a behaviour. 

5 • 2 X-ray Analysis 

ASM DATA CARDS were used for identification of phases 
present in the sintered samples. Empocted phases were listed 
first and then the standard lines (as taken from AS TM CARD) 
were matched with the lines which wez-e found from the X-ray 
aif fractogram of the sintered samples. In the pure system 
of MgO-Al 20 ':?“Si 02 the following main pliases can be expected 
depending on the (a) overall average composition (b) local 
composition which may vary from the average. The phases are 
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periclase, forsterite, enstatite, protoenstatite, q.uartz, 
cristobalitej tridymite, cordierite, mullite, spinels sappM- 
rine and coruridum. In addition when BaO is present further 
combination, e,g. barium silicate, barium aluminium silicate, 
barium magnesium silicate etc. are also possible. Matching 
was none with all the above phases and all the phases except 
tridymite, mullite, sapphirine and corundum are found 
present in the samples. 

The thermal history and also densif ication data (only 
in table 10) of the samples used for phase identification 
had already been shown in tables 10 and 11. Stoichiometric 
Mg 0 -Si 02 and stoichiometric talc-ma^uiesite were used as 
batch compositions. Talc-magnesite with additives were also 
used. 

Stanaard lines of forsterite, periclase, protoenstatite, 
high form of protoenstatite ana clinoenstatite are shown in 
table 14. In table 15, stanaard lines of enstatite, a-quartz, 
p-quartz, a-cristobalite and p-cristobalite are shown. 

Stanaard lines of low cordierite, magnesium aluminate, 
barium silicate, barium aluminium silicate and barium 
magnesium silicate are shown in table 16. In the above 
four tables only those standard lines are sho’wn which have 
the intensity greater than 10/. The d values and intensity of 
three intense lines of 27 compounds are shown in table 17- 
These compounds are also diecked for identification of the 
unlcnown phases of the samples of interest. 
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In tables 18-25, only 6 higher intensity lines of 
forsterite are shown in A part ano. the phases iaentified as 
aifferent from forsterite are shotm in B part. All unidenti- 
fied lines are shown separately in table 26. Sometime, it 
happens that a pexticular line of the Z-ray aiif ractogram 
matches with standard lines of several phases aue to overlap, 
fhese overlaiDS are also present in tables 18-25. 

Table 18 shows X-ray diffraction data of stoichiometric 
talc and magnesite samples fired at 135 0°C (B^) and at 1300*^0 
(E 2 ) for 10 hours. Forsterite, a-cristobalite and p-cristo- 
balite lines are identified. For sample B^, lines having d 
values 3.18, 2.91, 2.88 S and for samples $ 2 , 3.17, 2.90, 

1.96 £ are matching closely with protoenstatite, enstatite 
and high form of protoenstatite. It is not possible to say 
whether these lines are single linos or overlaps, Ko MgO 
line is fo\md though high silica phases e.g. enstatite and also 

cristobalite are present. Complete f orsterization at lower 

7 8 

temperature is possible only when excess MgO is present. ’ 

Only one line remains unidentified in sample 

Table 19 shows X-ray diffraction of samples made of 
stoichiometric talc and magnesite and sintered at 1250°G 
(E^) and at 1200°C (E^) for 10 hours. All lines are identified. 

Table 20 shov/s X-ray diffraction analysis of stoichiometric 
samples of Mg(0H)2 and Si02 sintered at 1315°C for 20 hours 
(F^) ano. at llOO^C for 4 t l^ours (F^ ) , Forsterite lines are 
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identified. .Some urmeacted Si02 is "visible. Protoenstatite , 
high protoenstatite and lo¥ cordierito ana magnesium aluminate 
are also present in the sample luring grindingj there 

was Al20^ pick up (hi 6/) which had reactea with hgO ana Bi02 
t O’ form cordierite ana magnesium aluminate. There was no 
other source of alumina in the raw materials. Lines of 
cordierito iftiich have d values 8.50 £ and 8.52 £ with intensity 
100 and 95 respectively are absent as we did not scan up to 
that d value. ITo aluminate is present in the sample P^. 

A3.umina which comes during grinding in the potmill is in a 
very fine form. There is one eutectic point in each of the 
two triangles formed by cordierite-enstatite-silica and 
cordierite-enstatite-forsterite at 1345°C and 136C°C respec- 
tively. The fine alumina powders which were picked up 
curing grinding and reacted to form cordierite ana other 
aluminates had possibly formed eutectic liquid which had 
turned to a glassy state during cooling. This is the most 
probable cause for which there is no trace of alumina in the 
sample P^. 

Table 21 shows Z-ray aiffraction analysis of stoichio- 
metric Mg(0H)2 send Si02 sintered at 1200*^G for 12 hours. 

Only one line remains unidentified in case of sample P^ 
and none for sample P^. Porsterite lines are iaentified. 
presence of a-qua.rtz, p-cris tobalite , protoenstatite, enstatite 
and high protoenstatite shows interne aiate reaction between 

' ' A ■ 

MgO and Si02. Hayami had reported that the rate of reaction 
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of -fne systeiiis containing MgO and Si02, i.e, hgU-Si02, MgO- 
MgO-SiO^ and 2MgO • Si02”Si02, is conceivable to be controlled 
by the diffusion of Mg through the proauct layer (s). 

Therefore to obtain the full stoichiometric compouna of 
2 Mg 0 -Si 02 higher temperature or longer times are necessary^ 
failing which intermediate phases are espected to be present, 
lines having d values 3.02 1 (i’ 2 ) and 3.01 i are iaenti- 

fiable as that of low coraierite. lines of cordierite having 
d values 8.50 £ and 8.52 £ are not visible as we did not 
scan upto that d value. 

X-ray analysis of two samples G-^ and G 2 which are formed 
from stoichiometric talc, magnesite with additives and sintered 
at 1100°C for 4 y hours is shown in table 22. Along with 
forsterite, a-quartz, a-cristobalite , protoenstatite , 
enstatite and high protoenstatite are present, lines having 
d values 3.05 £ and 2.39 £ of sample are identified as low 
cordierite and magnesium aluminate respectively. The same 
argument as given for sample is also applicable here to 
justify the pnesen ce of cordierite. Other intense lines of 
magnesium aluminate which have d values 1.43 £ and 2.01 £ 
with intensities 100 and 70 respectively have overlapped 
with the nearest lines of the sample. The line having d 
value 2.39 £ of sample G^ is also matching with the corres- 
ponding line of gamma alumina? but it was discounted since 
alumina is quite reactive with forsterite. In sample G 2 
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seven parts of BaCO^ ana four parts ball clay were adaed 
during preparation. Barium silicate, barium aluminium 
silicate and cordierite are present in sample G 2 - Other lines 
of barium silicate and barium aluniinium silicate are over- 
lapping with that of forsterite. Alumina which v/as picked 
up during grinding and also ball clay were the source of 
Al 20 ^ during formation of barium aluminium silicate. 

Z-ray analysis of sample and G^ which had been formed 
from stoichiometric talc, magnesite with additives and sin- 
tered at llOO^C for 4-z- hours is given in table 23- Periclase 
line ( 2.11 1) is founa in sample G^ . In both the samples 
a-quartz, protoens tatite , enstatite ana high protoenstatite 
are present. Barium silicate, barium magnesium silicate are 
found in sample G^, Other lines of barium silicate and 
barium magnesium silicate are indistinguishable due to overlap 
Barium carbonate was added to sample G^ and had acted as a 
source of BaO for forming barium compounds. Ihree lines of 
sample remain unidentified. All the lines of sample G^ 
are identified. Phases containing alumina are not found in 
the sample G,. fhe explanation given for sample P-, for the 

^ -L 

absence of iohases containing alumina by formation of glass 
at 1345°C and 1360°C is not valid here as the sample G^ was 
sintered at only llOO^G for 4 t hours. 

X-ray diffraction of forsterite composition of stoichio- 
metric talc -magnesite with aauitives is shown in table 24 • 
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Both, the samples and H 2 were fired at 1200*^0 for 5 hours. 

All the lines are iaentifiea. Barium magnesium silicate is 
found present in the sample termed H 2 . Few lines are also 
matching with protoens tatite , enstatite and high protoens tatite . 
Other intense lines of barium magnesium silicate are indistin- 
guishable aue to overlap. No phase containing alumina is 
present in both the samples and H 2 . The same argument of 
glass formation as given for sample F^ is also applicable here. 
Ball clour being present in both the samples has lowered down 
the liquid formation temperature. Eence, although the samples 
and H 2 were treated at a much lower temperature (1200°C) 
than that of sample F^ (1355°C) the glassy phase coilLd have 
formed in these samples. 


X-ray diffraction of sample and which were formed 
from stoichiometric talc -magnesite with adaitives and were 
sintered at 120G°C for 5 hours is given in table 25. Periclase 
is present in both the samples. Sample shows presence of 
cordierite and magnesium aluminate. Barium carbonate was 
added in the sample as additive. Here the possibility of 
forming glass from aluminate and cordierite is very less as 
BaO always acts as .a aevltrifier. Cordierite is present in 
sample Both the samples and were prepared from same 
batch composition (stoichiouBtric talc-magnesite) and sintered 
at two different temperatures, viz. 1100°C (G^) and 120U°C 
(H^). Free silica which was present in the samples maae of 
pure material (F^, F 2 , etc.) was absent here as tale and magne- 
site aid not contain any free silica. Perhaps alumina does not 
react with a silicate so easily as it reacts with free silica. 
This is the most probable cause for which phases containing 
alumina W8.s not found in the sample which was fired at a 
lower temperature (11 OO^C) . At higher temperature (1200°C) 
appreciable reaction had taken place and cordierite was formed. 

In ref. 6 it is stated that in forsterite samples prepared 
with BaCO^ adaitives, enstatite phases disappeared at higher 
temperatures (Figs, 2, 3 and 4) when compared with those of 
clay adaitives. In this experiment, however, sintering was 
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carried out oelow 1200°C for 5 hours. Both the lo.:;er sinter- 
ing temperature and different base material (i.e. talc- 
magnesite as against pure components in ref. 6) may explain 
this aifference of presence of enstatite. 

It may be observed that a number of lines which remain 
unidentified from all the samples are shown in table 26. 

3*3 Errors in Blectrical Measurements 

Measurements of E and Q were performed in different 
conaitions to eliminate possible er’rors. Q values obtained 
in these measurements are fotmd lower as compared to the 
values of similar materials reported in literature. 

3.3.1 Electrode d and wired sample 

Table 27 shows E and Q values of electroded forsterite 
samples using two connecting leads on each face {Pig. 6). 

The E values have an average variation of . Though there 
is a wide scatter of Q values between frequencies, it has 
got an increasing trend from lower to higher frequencies. 
Sample I and II have shown before (ref. 22, table 8) higher 
Q values, ranging from 461-1514. Probably overbaking of 
silver paint has occurred which has bi'ouglit aown the apparent 
Q of the material. 

3.3.2 Variation of number of leads ana lead length 

Table 28 shows some difference in Q value with multiple 
leans over one lead (column 3 and 5). Best Q values are 
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obtained from multiple lead assembly. Use of one lead shows 
lowest (.-i value. Intermediate Q value is obtained when one 
lead but multiple junction is used. fho K values are close 
to reported data's of forsterite. Later on multiple leans 
were not used to minimise stray wire capacitance and also 
for practical problems as written earlier. 

Table 29 shows that different lead length do not cause 
any significant change in Q values. The K values are lower 
due to low density of the sample (approzimately 64’/,as 
compared with about 85-89 /of sample numbers I to ¥III). In 
later measurements short leads were used to minimise extra- 
neous effect. 

Table 50 shows K and Q values of unguarded, electroded 
and single wired forsterite samples in a frequency range of 
55 Kc/b to 8.5 Mc/b. The K and Q values can be taken as 
constant over the entire frequency range. The average E and 
Q values are 4.9 and 504 respectively. The percent theore- 
tical density of the sample is low (only 62.5/) which leads 
to lower K value. 

Table 51 shows E and Q values of forsterite samples 
which were sintered at 1150°C and 1200°C for 5 hours. Effect 
of aifferent baking time on E and Q values are observed to 
confirm earlier suspicion that improper baking shows lower 
Q reading. Silver paint obtained from NPl were used. 

According to the instruction sheet for this paint, the samples 
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should be kept at 150°C for 2-3 hours for proper baking. 
Samples used after 90 minutes baking at 150°C shows higher 
h ana lower Q value than that used after 150 minutes baking 
at 150°C. Samples of batch (fired at 1150°C) ana 

show low E values (2. 7-5.0) which is due to low density of 
the samples. 

More experimental variations that had already been 
shown and discussed in ref. 23 are not discussed here as 
either there is no relevance with the final action or those 
are mere repetition. 

5-5.3 Blectroded samples betwee n pa rallel plates 

Pig. 8 shows arrangement for clamping electroded 
samples betvfeen parallel conductors which is a standard 
procedure for measurement of capacitance and dielectric 
constant of disc samples. 

Table 32 shows results of discs between parallel plate 
ana table 33 between clamps with smaller but firm contact. 
The samples were same wired samples (used before) with 
contact made directly on electroded faces. Here the 
reported K values are not the actual k of the material. 

The capacitance values used for calculation includes 
another component - air capacitance which was in parallel 
with the sample. This air capacitance arose from the fact 
that about 1 cm x 1 cm conductor surface remained bare when 
the sample was introduced between the parallel conductors. 
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The area of the sample was about 9 sq.cm ana the aielectric 
constant of the forsterite samples was about 6. The area 
of 'che aircapacitor was about 1 sq.cm and. dielectric 
constant 1. For table 32 the thiclmess of aircapacitor was 
that of the sample and for table 33 it was about 0.6 cm, 
i.e. about 3 times larger than that of the sample. Thus 
the actual X value of the samples will be about 2 ^ less than 
the K value shown in table 32 and C.6/. less for table 35. 
These set ups were never used in future because of the wide 
ana irregular variation in Q values. 

The broad conclusion on above measurements are as 
follows ; 

(i) hlectroded ana wired samples show higher Q than elec- 
troded samples clamped between plates or sharp contacts. 

(ii) Change of lead length within small limits has no 
effect on measured Q values. 

(iii) Multiple leads improve Q, but need not be used to 
minimise extraneous effect. 

3.3.4 Meas urement with capacitance cell 

Measurement of K and Q were first taken with an 
unshielded capacitance cell (fig. 9)* 

Table 34 shows K and Q values of air when air gap is 
varying from 0.5 cm to 0.025 cm. in ideal air capacitor 
shoula show K value close to mity. Here E approaches to 
unity -with decrease of thickness. This is probably aue to 
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end effects, 'Hie end effect depends on (a) the thickness 
(t) of the capacitor as well as (h) the K of the medium. 
Higiier values of t will increase apparent values of K 
measured. On the other hand, higher effective values of 
K will reduce fringe effect. 'Ihe Q values are high and 
consistent with that of air which should show high Q. At 
higher frequencies the effect on K is higher which is not 
unexpected. 

In Eef. 28 it is stated that both unelectroded or 
electro ded sample may be placed in a cell for measurement 
of capacitance. 

Table 35 shows comparison between unelectroaed and 
electroded sample. The K values at each step were not 
calculated as it was a composite capacitor of air and 
material. The total capacitance values at each step were 
available. For the unelectroded sample the Q values went 
on dropping as the air gap between parallel disc conductors 
and the disc sample was reduced until it reached a very 
low value of nearly unity when the sample was touched by 
the conductor plates. But with an electroded sample the 
variation of air gap had no effect. This experiment was 
not reproducible later with another cell and reason for 
this was also not found. 

Table 56 again gives similar comparison. The Q value 
was unmeasurable when the measurement was taken with the 
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unelectroaed sample in touchea conaition, I'lie sample with 
better baked electrodes shows higher Q, although overbaking, 
as remarked earlier, leads to reduction of the Q value, fhe 
same sample was used before (table 30). ‘Ihe k ana Q values 
of the sarax-^l© with better baked electrodes are comparable 
with that at 55 Ec/S of table 30. Ihe E value (4.61) is 
low as the sample was porous (62.5 / theoretical density). 

Measiu’ement ofAC, K and Q values were perf ormed, which 
had already been reported in ref. 25, table 40 and table 41^ 
with the samples HII and ZIV which were used in tables 35 
and 36, after lowering down their thicknesses. The Q values 
aid not vary much as was expected. Thin samples are supposed 
to give more accurate results as discussed earlier. 

The broad conclusion from the unshielded and unguarded 
cell measurements are; 

(1) Unelectroaed samples give verj'- low Q value. 

(2) Q valuai of electroded samples when tested in cell are 
similar to those tested by wiring. 

(3) Baking characteristics of electrodes have significant 
effect on Q values measured. 

(4) Higher porosity samples give lower Q values. 

Table 37 shows K and Q values of air as measured by 
the shielded and guarded capacitance cell. Here Q values 
are very low as compared to Q values of air as founa before. 
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different conditions are tried. Maxininm value of Q is 
obtained in ungrounded and luishdelded condition. From now 
onwards 'unshielded condition' actually means shielding in 
unearthed condition. But these values are also much lower 
compared. to the previous results. fhe probable cause is 
change of design and higher humidity in August. IPrevious 
air capacitance values were taken during dry summer whereas 
these measurements were taken during monsoon. The E values 
are also higher as compared to previous values , though the 
trenu is not as high as found before. Here also K is 
decreasing with decreasing airthickness, lowering of fringe 
effect can explain this behaviour. 

In table 38, the total capacitance of cell and Q 

are measured. From the data it is clear that with decrease 
of air thickness capacitance of air does not increase propor- 
tionally. It is possible only if the capacitance of the 
cell itself and that of the circuit have already been intro- 
duced in the air capacitance. fhe capacitance of dielec- 
tric is given by; C = -^ E where A is the area of the 
capacitor (dielectric), t is its thickness, is the 
permittivity of a vacuum and E is they^ permittivity of the 
dielectric. The measured capacitance contain two components, 
inherent capacitance of the cell Qq, which can be taken 
as constant and the capacitance of dielectric which 

depends on the geometric factor A/t, let 0^, be total 
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capacitance of the cell consisting of the two components. 

fhenj, 

= + I E 

If is plotted against A/t, IT can be found 
out from the slope of the straight line provided the above 
linear relationship is valid. 


Pig. 11 shows total capacitance versus A/t plot. From 
the figure it is seen that the plot is not a straight line 
but a curve. Here also the slope of the curve at different 


points is eq.ual to Ke^. For clarification calcxxlation is 


given below for 3 points. 


Point A ; = 132.7 pf, f = 745 cm? K 


^zlOO 
8.854 ■ 


^1^x100 

Point B : C<j = 80.7 pf, f = 553 cm, K = --- §7 8 5 ~~ 


Point C ; Cj = 27.3 pf, f = 1® .*.£ = 


It is clear that more accurate value of K is obtainea 
at lower tiiickness. In the above consiaeration the frin^ 
effect, has not been taken into account. The fringe effect, 
which is higher for greater thickness of the capacitor, 
leans to higher E value for thicker air capacitor than the 
thin one. In early measureiffints ('fable 31) the same observa- 
tion, i.e. increase of E value with increase of capacitor 
thickness was found. 
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Table 39 stiows the net capacitance of cell and Q 
value of air using capacitance cell. Por all the conoitions 
the trend of ti value is samOi Q is decreasing with increase 
in air gap as was seen in earlier measurements. As AG has 
not increased proportionally as gap is decreasea, surely 
some inherent capacitance of the cell and that of the circuil. 
are present. This capacitance value should be deducted from 
the Ac value curing calculetion of E of air. The same 
procedure as adopted for the previous experiment is also 
applicable here for elimination of extraneous effect, i.e. 
by plotting total C versus A/t and taking K from the slope 
of the curve. The Ac value is always higher in shielded 
condition than that in unshielded condition. It points out 

that inherent capacitance is higher in shielded condition. 

(Pig. 10) 

lise of pinconauctor/has not changed the C.or Q value to a 
large extent. The assembly with shield in unearthed condi- 
tion gives lower K value ana external effect is less. In 
standard coils also the shields are not earthed. In ref. 28 
it is stated that the shield can also be connected with the 
guardriiig wliich is earthed. The above two statements are 
anomalous. In the capacitance cell (I 69 O A) which is used 
for lower frequency and is a standard spare for the Boonton 
Q meter, the shield is earthed. According to the measuremen+' 
performed it can be stated that assembly with shield earthed 
should not be used for high frequencies- 
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In tatle 40, X and Q values of unelectroded, unguarded 
forsterite sample are given. 2he K value is closer to the 
expected value (—6) in shielded condition. I’he Q value is 
aecreasing with aecrease in air thickness. In Q values a 
peak at 0,300 cm is seen. It points out that only one 
mechanism (either series or parallel inherent capacitance) 
is not active. In arrangement 2B, ratio was made 

high by adjusting frequency. Increase in AQ value occurs 
at such condition for balancing the increase in /\C: G]_. ratio 
and this A Q is more reliable than that in arrangement 2A. 

It must be note a that in previous experiments very low Q 
values were obtained when unelectroaed samples were used in 
touched condition. But here the Q values are appreciable, 
fhe E values are taken only in touched condition as in other 
positions of the conductor plate it was forming a composite 
capacitor of air and the aisc sample. 

In the measurements as described in table 39 ana table 
40 guardring was not used as the guardring was not helpful 
in the earlier measurements. Bor a proper guarded condition 
the sample diameter should be greater than that of loxrer 
electrode wliich should be surrounded by guardring. Ihe 
samples used earlier was smaller than lower electrode which 
was surrounded by guardring. 

To minimise the inherent cell capacitance and also to 
make an elf e ctive guardring a new cell was designed. The 
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cell being made of metal (aluminium) acts also as a 
shielded cell but without having any dielectric material 
inside, i-ieasurements of K and Q of forsterite samples were 
taken in this cell in four different conaitions. ‘fable 41 
shows that the Q values are low, fhe K values are much 
higher than the expected and the E value increases sharply 
with increase in sample thickness, fringe effect increases 
vj’ith the increase in sample thickness and thereby increases 
the apparent E of the material, llie inherent capacitance of 
the cell itself is also higher which has brought the 
apparent E value higher. 

Ihe cell was originally designed to avoid external 
influences for which minimum amount of dielectric material 
was used. But the external influence which had unexplainably 
increased the E value was much higher than the previous cells. 
SOp cell measurements were aiscarded and electroaed and wired 
method was a.gain adopted, 

3.4 lata on E ana Q Measurements 

2he reportea E and Q values of forsterite vary from 
6-11.5 and 500-10,000 respectively Both the E and 

Q value shoula remain constant in a frequency range uito 
10,000 Mc/S as discussed in Appendix II. Peak in tan6 
may be observeu only at very high frequency which is beyond 
the range of the Q meter. 
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For porous samples it is expected that both the 
9 ^ • 

and Q values should be lower than the reported values of 
samples which were completely dense. 

The average K and Q values obtained for the densest 
sample ( 93 ^ theoretical) maae of stoichiometric talc -magnesite 
with 7 parts of BaCO^ additive are 6.63 and 2074 respectively 
in frequency range of 100 Kc/S-25 Mc/S. For pure forsterite 
samples of 89 X theoretical density the average values of K 
and Q obtained are 5.55 and 7u7 respectively. ‘The lower 
E anu Q value is attributable to the lower density of the 
samples. Sintering of pure forsterite samples at temperature 
higher than 1400°C for obtaining denser material was not 
possible because of limitation imposed by the furnace 
available. 

The effect of a particular additive towards the K and 
Q value was not observable because to attain that objective, 
the sample should have equal and high densities oi' else the 
effect of density and aduitives would not be separable. 

Table 42 shows the average E values of 3 batches fired 
to different densities. The K value remains constant within 
the frequency range 70 Ec/B to 11 Ho/S. The K value is 
higher for higher density samples. Jjuring calculation of 
average K va-lue , the thin samples were only taken into 
account as it is the bhin samples which show more accurate 


K values . 
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'lablG 43 siiows K and Q values of electroaed and wired 
lorscerice saiiijp-LGS. MGasurGnienii was done at; 6 different 
frequencies. Tlio variation of the K value with the change 
of density cannot be prodictod here as there is a wide 
scatter in values ranging from 5.08-7.48. Literature values, 
as reported earlier, shows higher Q values for higher density 
samples. Here also the densest material made of talc- 
magnesite and BaCO^ shows higher average Q values (2074) 
than that of lower density material (616). ‘Ihough the 
variation in percent calculated density is not much, the 
above trend is confirmed from water absorption values, which 
show distinctly that lowest absorption sample give highest Q 
values. I'or pure material with 1.07 percent water absorption, 
the average Q value is 707. So, it can be predicted that 
samples with zero absorption will show higher Q values than 
those found in the table. 

Tabic 44 shows the K values of olectroded and wired 
samples with vo.rying thiclmess. Thicker samples always show 
higher K values. At high frequencies thicker samples had 
shown lower IL' values at some cases (Table 31). The cause of 
such drop is not understandable. The K values of the samples 
have been plotted against the sample thicknesses (Pig. 12). 
There is a flattening trend of the plot at lower thickness. 

The thin sa,mple shows closer expected K value than that of 
thick one. The flattening trend ana the closer expected 
K value for thin samples were also observed in Table 31. 
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Higher apparent K values (6.53-8.39) wei-e observed in 
earlier measurements (lables 27 and 28 ). 'Ehis was minly 
due to under baking and also due to high thickness of the 
samples. Q values were low in all the earlier measurements 
(section 3.3) as the porosity of the samples were high. 
Porous samples also show a lower E value. 
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CHAPTER 4 
COHCLUSIOHS 

(1) Samples of zero porosity is necessary to achieve optimum 
properties. To achieve zero porosity higher firing 
temperafcure is required since longer grinding time is 
not possible if contamination is to be avoided, 

(2) Eor complete forste'rization higher reaction temperature 
is necessary. 

(3) Thin samples with well baked and wired (short) electrodes 
will give accurate value of dielectric constant, K. 

(4) The Rvalues obtained are fairly close to literature. 

Higher values also have been reported in literature. 

, that of 

(5) The values of tanSxlO^ obtained (5-20) are higher than / 

the reported (l~15) in literature, Superior values of 
tan6 ca,n be expected with samples of high density, 

(6) The loss factor (K tand) obtained (0.003) for the best 
sample meets the requirement necessary for insulating 
ceramics of grade 1-6. 
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CHAPTER 5 

SUGGESTIONS EOR EUETHER WOHE 

(1) The povider characteristics, pressing conaition, sintering 
time ano. the temperature can be investigated in order to 
obtain optimum densification for particular raw materials. 

(2) The effect of different ado-itives may be investigated 
by obtaining a base material of zero pcrosity. 

(3) The relationship between microstructure ana electrical 
properties (E and Q values) can be established. 

(4) Other properties of forsterite, e.g. thermal expansion, 
thermal conauotivity etc. may be investigated. 

(5) Electi’ical measurements in the microwave region should 
be done. 

In fact, a programme is already underway to investigate 


(4) and (5). 
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Jan-I-10 Mnimum Requirements for Insulating Ceramics 

Raciio Class L 

Porosity s 

No liquid penetration at 10,000 psi pressure. 

Theriiial Stress Resistance; 

Type A - withstand 20 cycles from 100°C into 0°C water. 
Type B - x^ithstand 5 cycles from 100°C into 0*^0 water. 

Transverse Strength; 

Greater than 3000 psi. 

Lielectric Strength; 

Greater than 180 volts/mil. 

Lielectric Constant; 

Less than 12 after 48 hr water immersion. 

loss factor (k' tan6); 

Grade L-1 hi. 0.150 
L-2< 0.070 
L-3< 0.035 
L-4< 0.016 
L-5 <0.008 
L-6 < 0.004. 

f.J. T. Kif'-'Ptlfl 
central 5 T'" 

te ife. A ^587^2 
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Typical Properties of Steatite and Porsterite 


Typical Applications 
Properties 

Density (g/cm^) 

Water absorption ( ) 

Coefficient of linear thermal 
expansion/^C 

Safe Operating temp °C 

Thermal Conauctiyity 
( cal/cm^/cm/sec/°C) 

Tensile strength (psi) 

Compressive strength (psi) 

Plexural strength (psi) 

Impact strength (ft-lbjY” rod) 

Modulus of elasticity (psi) 

Thermal shock resistance 

ui elec trie strength 
(volts/milj 1/4" thick) 

Resistivity (ohms -cm) ^ 

Power factor (l Me) 

Dielectric constant 


Stgciti/fco 

Eorsterite 

H.P. Insula- 
tion Electri- 
cal appliance 
insulation 

H.E. Insula- 
tion ceramic- 
to metal 
. seals 

2, 5—2.7 

2. 7-2. 9*^ 

0.0 

iuO 

8.6-10.5x10"^ 

11 X 10"^ 

1000-1100 

1000-1100 

0.005-0.006 

0.005-0.01 

8000-10000 

10000-15000 

65000-130,000 

60000-100,000 

16000-24000 

18000-20000 

0. 3-0.4 

0.03-0.04 

13-15 X 10^ 

13-15 X 10^ 

Moderate 

Poor 

200-350 

200-300 

15 

10 •'-10 ^ 

lO^^-lO^^ 

0.0008-0.0035 

0.0003 

5.5-7. 5 

6. 2-6.6 


Theoretical density 5.2 gms/cc. 


TABLE 3 

Compo s i “b ion I^xuning A^^onnd 125o C (Cono 10) 
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TABLE 4 

Li electric Properties at High Eroquoncies (After Rof. 6, 

table 3) 


Ho. 

PSP-0 


1 Mc/s 
tanb X 10“^ 


e 


10,000 Mc/s 
tan6 X 10^ 


£ 


3 6 6 


6 


PSP-B 


1 


6 


12 


6 
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I’ABLE 5 

iji©lsccxic px'optr tij, &s of Saiaples of &'toiCiiioiii6l;ric Sorsferif© 
Plus Aaaitioiis of x^ifierent Percentage of Korean liaolin: FX-0 
(F 100 K 0), FJi--l (F 97.5 K 2.5), FK-2 (F 95 K 5), FK-3' 

(F 32.5 Iv 7.5) ana FE;-4 (F 90 K lo). (After Ref. 10, 'fable 6) 


Specimen 


FE-0 


FK-1 


FIV--2 


FE-3 


FE-4 


Firing temp, of specimens (°C) 


£ 

and tan6 
(xlO”"^) 

£ 

50 KG/S 

1 MC/S 

tano 

50 hC/S 

1 MC/S 

£ 

50 EC/S 

1 MC/S 

tan 6 

50 KC/S 

1 liC/S 

£ 

50 EC/s 

1 MC/S 

tan 6 

50 EC/S 

1 MC/S 

£ 

5 0 EC /S 

1 MC/S 

tano 

50 MC/S 

1 MC/S 

£ 

50 EC/S 

1 MC/S 

tan 6 

50 EC/S 

1 MC/S 


1370 

1400 

1450 


6. 6 

7.6 


7.2 

8.0 


13 

1 


3 

1 

7.6 

7.6 

7.6 

7.6 

7.6 

7.7 

1 

1 

1 

1 

1 

1 

7.7 

8.0 

7.8 

7.8 

o 

00 

8.0 

1 

1 

1 

2 

2 

2 

7.5 


7.3 

7.5 


7.7 

6 


4 

6 


3 

7.3 

7.9 

7.4 

7.9 

8.0 

7.5 

9 

6 

1 

6 

9 

2 


1500 

1550 

1610 

7.9 

8.4 

11.5 

8.2 

8.2 

11.2 

1 

3 

1 

2 

2 

2 


8.1 

8.0 

1 

1 

8.1 

7.0 

1 

2 

7.5 
7.4 

5 

5 

7.0 

7.6 
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TABLE 6 


Composition of Various Batches of Porsterite 


Batch 


Ingredients 

A 

MgCO^ +3102 

Stoichiometric* 

B 

Mg(GH) 2+Si02 

Stoichiometric* 

C 

Talc+Magnesite 

3 £ 

stoichiometric 

toi chi ome trie means MgO ; 

Si02 2^1. 





TABLI 

1 7 



Analysis 

of 1 

2gC0^, Si02j 

Talc, 

lyiagnesi' 

te and Ball 

Clay 

Constituents 

MgCO^ 

Si02 

Talc 

Magnesite 

Ball Clay 

MgO 


42.65 

Ml 

0 

0 

0 

47.54 

Trace 

Si02 


0,79 

94.50 

57.66 

0.77 

62.06 

CaO 


0.42 

1.04 

1.46 

1.64 

Trace 


) 

) 

) 

) 

) 



1.16 

Ml 

21.38 


1.40 

6.00 

2.84 

1.60 

7.20 




Ml 

Ml 

Ml 

Ba .20 anc. 

K 20 

Ml 

Ml 

Ml 

Nil 

8.68 

L.OoI. 


54.94 

— 

1.22 

50.80 
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TABLE 11 

Thermal History and Composition of Eorsterite Samples Usea 

for X~ray Lif fraction 


Sample H'o « 

Composition 

Temp.°C 

Time Hrs . 

Pressure applied 
psi 

h 

B 

1555 

20 


h 

B 

1100 

4 t 



B 

1200 

12 


^4 

B 

1200 

12 


^1 

^1 

1100 

4 ^ 

5000 



f T 

tf 



°3 

II 

I! 


Ct^ 

=4 

If 

If 


% 

“1 

1200 

5 




If 

I 5 


H3 

C3 

It 

I f 


H4 

«4 

If 

If 





TABLE 12 

Lata and Thermal History of Porsterite Samples of Stoichiometric Talc 
Magnesite Composition with Adaitives Used 
for Electrical Measurements 
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TABLE 14 

ASTM I-ray i^ata^for Eorsterite, Periclase, Protoenstatite , 
Protoenstatito (Mgli form) and Clinoenstatito 


Porsterite 

dl I/Iq 

PericlasG 

di i/i„ 

Protoenstatito 

di I/I^ 

Pro toons ta- 
tite (high 
form 

di I/I^ 

Clinoonsta- 

tite 

di I/I^ 

5.110 

26 

2.106 

100 

3.16 

100 

3.240 

20 

4.4130 

12 

5.880 

69 

1,489 

52 

2,97 

20 

3.170 

100 

3.2867 

50 

3.750 

25 

1.216 

12 

2.90 

40 

2.908 

40 

3.1743 

60 

3.487 

21 

0.9419 

17 

2.87 

20 

2.726 

20 

2.9795 

95 

3.000 

17 

0.8600 

15 

2.72 

o 

2.551 

30 

1.8783 

100 

2.768 

53 



2.54 

40 

2.305 

20 

2.5418 

35 

2.513 

73 



2.29 

20 

1.975 

20 

2,5238 

35 

2.458 

100 



1.96 

60 

1,968 

20 

2.4594 

60 

2.268 

59 



1.71 

20 

1.716 

13 

2.4358 

20 

2.250 

33 



1.63 

40 

1.642 

20 

2.3793 

16 

2.161 

15 



1.49 

60 

1.499 

15 

2.2186 

20 

1.748 

60 



1.37 

20 

1.495 

15 

2.2080 

20 

1.670 

13 



1.31 

40 



2.1399 

12 

1.636 

12 



1.26 

20 



2.1190 

45 

1.618 

15 







2.1150 

45 

1.497 

27 







1.7874 

12 

1.479 

30 







1.7648 

12 

1. 396 

12 







1.7626 

12 

1.351 

17 







1.7333 

12 
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TABLE 15 

ASTM X-ray Lata for Enstatito, cx-Quartz, p-Quartz, a-Cristo- 

■balito and p-Cristobalito 


Bnstatite c-Quartz p-Quartz a-Cristoba- p-Cristoba- 
di I/Iq dA I/Iq di I/I^ di I/I^ dl ^ I/I^ 


4 . 410 

14 

4.260 

35 

4.34 

20 

4.04 

100 

4.15 

100 

3.303 

35 

3.343 

100 

3.40 

100 

3.138 

12 

2.53 

80 

3.167 

100 

2.458 

12 



2.845 

14 

2.07 

30 

2 . 941 

45 

2.282 

12 



2.489 

18 

1.641 

60 

2.872 

85 

1.817 

17 





1.460 

50 

2.825 

25 

1.541 

15 





1.380 

20 

2.706 

25 

1.375 

11 





1 . 266 

30 

2.534 

45 







1.210 

30 

2.494 

50 







1.131 

20 


2.471 30 

2.114 25 

2.096 20 
2.058 14 

1.984 14 

1.958 25 

1.603 20 

1.520 14 

1.485 35 

1. 470 20 


i. 


66 


TABLE 16 

ASTFi X-ray Data for Low, Gordierite, Ma^esium Aluminate, Barium 
Silicate, Barium Aluminium Silicate and Barium Magnesium Silicate 


Low l-lagnGSium Barium Barium Alu- Barium Magnesiua 

Cordierite Aluminate Silicate minium Silicate 


di 

H 

O 

d i 

O 

H 

d £ 

lAo 

Silicate 
d X I/Iq 

d i 

lAo 

8.52 

95 

2.43 

90 

6.95 

20 

6.39 

40 

4.04 

20 

8,45 

100 

2.01 

70 

3.746 

100 

4.57 

20 

3.75 

30 

4.91 

30 

1,43 

100 

3.669 

60 

3.77 

30 

3.54 

100 

4.67 

14 



3.299 

50 

3.44 

60 

3.34 

50 

4.09 

50 



3,249 

55 

.3,33 

70 

. 3. 28 

40 

3.381 

50 



3.123 

30 

3.24 

70 

3.19 

20 

3.369 

40 



3.120 

30 

3.00 

70 

3.836 

20 

3.149 

25 



2.794 

16 

2.901 

40 

3.711 

20 

3.132 

55 



2.780 

40 

2.758 

50 

5.655 

40 

3.039 

65 



2.756 

35 

2.574 

100 

3.601 

30 

3.035 

65 



2.343 

20 

2,406 

30 

2.514 

40 

3.012 

55 



2.267 

45 

2.316 

30 

2.364 

30 

2.650 

20 



2. 221 

20 

2.263 

20 

2.264 

20 

2.644 

20 



2.199 

16 

2.167 

100 

2.197 

30 

2.637 

12 



2.132 

90 

1.994 

20 

2.157 

30 

2,334 

12 



2.080 

16 

1.946 

20 

2.114 

30 

2.107 

12 



2.076 

18 

1.801 

50 

1,928 

20 

2.102 

12 



1.975 

12 

1.625 

20 

1.826 

40 





1.970 

18 

1.576 

20 

1.607 

30 





1.911 

14 

1.455 

50 

1.586 

30 





1.874 

12 

1.428 

60 




TABLE 17 

AS TM x-ray Lata of Compounas Used for Identification of Unknown Phases 
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lABLE 18 


69 


X-ray i.iff rac cogram of Stoichiometric Eorsterite Composition 
With falc am Magnesite Sintered at 1350°C for 10 hours (Si) 
and at 1300°C for 10 hours (E 2 ) respectively ^ 

(A) List of six higher intensity lines of forsterite phase. 

(B) List of lines of intensity l/l higher than 10 for phases 
other than forsterite 


(A) 



h 





d i 

i7io 

Phase 

d 1 


Phase 

2.47 

100 

P 

2.46 

100 

P 

2.52 

90 

P 

2.51 

90 

P 

2.77 

70 

P 

1.74 

75 

P 

1.75 

69 

P 

2.77 

61 

P 

2.27 

60 

P 

2.27 

55 

P 

3.90 

51 

P 

3.88 

49 

P 




1.50 

49 

P 


(B) 



^1 



®2 


d i 


Phase 

d i 


Phase 

4.11 

16 

pc 

4.08 

33 

aC 

3.18 

19 

P/PH/E 

3.17 

36 

P/PH/B 

2.91 

12 

P/PH/B 

2.90 

11 

P/PH/B 

2.88 

13 

PH/P/E 
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TABLE 19 

X“r3-y L'i I's. c to grain of Stoicliioine'tric Eorsterife Composition 
with. Talc and Magnesite Sintered at 1250°C for 10 hours (E^z) 
ana 1200 C for 10 hours (E^) respectively, ^ 

(A) List of Six higher intensity lines of lorsterite phase. 

(B) List of lines of intensity I/I^ higher than 10 for phases 
other than forsterite 


(A) 



^3 



"•4 


d i 


Phase 

d i 


Phase 

2.46 

100 

E 

2.45 

100 

E 

2.52 

84 

E 

2.51 

89 

E 

2.76 

67 

E 

2.24 

69 

E 

1.75 

64 

E ■ 

1.74 

69 

E 

3.88 

54 

E 

2.76 

63 

E 

2.28 

53 

E 

2.26 

51 

E 


(B) 



E3 






d i 


Phase 

d i 

I/O 

Phase 

3.18 

34 

P/PH/E 

3.17 

24 

P/PH/E 

2.90 

29 

P/PH/E 

2.89 

30 

P/PH/E 



TABLE 20 


71 


X”raj/ jjixf rac cion of ofoiciiiomotric Porsferite CoEiposition 
with kg(0H)2 and Si02 sintered at 1555 C for 10 Hours ana 
1100 C for 4i- hours Respectively. 

(A) List of six higher intensity lines of forsterite phase. 

( B) List of lines of intensity I/Iq higher than 10 for phases 
other than forsterite. 


(A) 



h 



P 

^4 


d i 


Phas e 

d i 


Phase 

2,46 

100 

P 

2.46 

100 

P 

2.51 

82 

P 

3.34 

9'U 

P 

2.77 

77 

P 

2.51 

80 

P 

1.75 

70 

P 

2.77 

68 

P 

3.90 

65 

P 

1.75 

63 

P 

2.27 

50 

P 

3.89 

57 

P 

2.25 

50 

P 





(B) 



^1 

L 


a i ' " 

1/1q Phase d Sl 


Phase 


4.29 

26 

aQ 


3.34 

90 

aQ 


3.17 

20 

P/PH/E 


3.08 

11 

LC 


2.72 

29 

PH 


2.51 

80 

pc/p 


2.11 

52 

M 


1.94 

20 

P/P/PH 


1.49 

51 

M/P/P 


1-38 

12 

MA 



72 


TABLE 21 

H—T3.y li ff PS-C cion of S coiciiionie1;i*ic Poi’S'teri'fce Composition 
with Mg(UH )2 Si02 both Sintered at 12U0°C for 12 hours. 

(a) List of six higher intensity lines of forsterite phase. 
(B) List of lines of intensity I/Iq higher than 10 for phases 
other thaaa forsterite. 



^ 

2 





d i 


Phase 

d i 

l/^o 

Phase 

2.48 

100 

P 

2.47 

100 

P 

2.53 

63 

P 

2.53 

76 

P 

1.74 

6l 

P 

1.75 

64 

P 

2.26 

58 

P 

2.78 

59 

P 

2.79 

55 

P 

3.92 

58 

P 

3.93 

50 

P 

2.27 

54 

P 

(B) 





^3 


d i 


Phase 

d i 

I/Io 

Phas e 

3.38 

22 

aQ 

4.31 

22 

aQ 

3.20 

21 . 

P/PH/E 

3.37 

83 

aQ 

3.02 

19 

LC 

3.20 

26 

P/PH/E 

2.48 

100 

P/M 

• 

o 

H 

27 

LC/P 

1.50 

40 

m/e/b 

2.90 

11 

P/PH/E 




2.53 

76 

pc/p 




1. 64 

20 

^C/P 




1.52 

12 

p/p 




1.48 

42 

M/p 
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TABLE 22 

X-ray diffraction of stoichiometric Eorsterite Composition 
of Talc, magnesite with Additives both Sintered at 1100°C 
for 4t hours 

(A) List of Six higher intensity lines of forsterite phase. 

( B) List of lines of intensixy l/l„ higher than 10 for phases 
other than forsterite. 

(A) 



i 



4 


a i 

M 

'h 

Phase 

d i 

l/^o 

Phase 

2.46 

100 

F 

2.46 

100 

P 

2.51 

93 

F 

2.78 

81 

F 

2.77 

68 

F 

3.90 

71 

F 

1.75 

Si 

F 

1.75 

69 

F 

3.88 

59 

F 

2.27 

54 

F 

2.25 

49 

F 

3.90 

71 

F 


(B) 



h 



S 2 


d i 


Phase 

d i 

l/^o 

Phase 

i — 1 

0 

12 

aQ 

4.33 

16 

aQ 

3.30 

13 

aQ 

3.64 

21 

BS 

3.17 

45 

P/PH/3 

3.35 

42 

aQ 

3.05 

11 

LG 

3.30 

32 

BAS 

2.94 

17 

P/PH 

3.18 

23 

P/PH/B 

2.88 

34 

PH/P/E 

3.07 

20 

LC 

2.73 

35 

PH 

2.91 

29 

P/PH/E 

2.39 

11 

MA 

2.73 

32 

PH 

1.49 

36 

M/F/F 

2.60 

32 

PH 




2.51 

95 

P/P 




1.62 

26 

P/P 


V ■ ■ 


1.48 

41 

P/P 




1.32 

16 

P/P 



TABLE 23 


74 


X— r&y jji f f I’S' c G io H. of OTioicliioine'fcPic Eopsfepite Composition, 
of Talc,; Iiafy.'issi ce wich Additives, both. Sintered at 1100*^0 
for 4 y iirs . 


(A) List 

(B) List 
other 

of six higher intensity lines of 

of lines of intensity I/I higher 
' than forsterite. 

(A) 

• 

forsteri 

than 10 

te phase, 
for phase 


,^2 





d 1 

I/Io 

Phase 

a i" 


Phase 

2.45 

100 


2.45 

100 

P 

2. 51 

93 

F 

2.51 

83 

P 

2.77 

79 

P 

1.75 

63 

P 

3. 88’ 

73 

P 

2.76 

60 

P 

1.75 

69 

P 

3.88 

55 

P 

3.48 

55 

P 

2.26 

51 

P 


(B) 






»4 


d i 


Phase 

d 1 


Phase 

4.31 

19 

aQ 

3.17 

37 

P/PH/B 

3.64 

23 

BA 

2.88 

33 

p/PH/E 

3.56 

30 

BIIS 

1.48 

41 

M/P 

3.36 

33 

aQ 




3.28 

29 

BMS 




CjO 

t — 1 

16 

P/PH/1 




2.91 

23 

P/PH/B 




2.72 

33 

PH 




2.59 

28 

PH 
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TABLE 24 


X-ray Liffraction of Btoichiometric 
of Talc, Magnesite tJ-ith Adaitives, 
for 5 hours. 


Torsterite Composition 
both Sintereo at 1200°C 


(a) List of si^c higher intensity lines of lorsterite phase. 
(B) List ox lines ox intensity I/I higher than 10 for 
phases other than f oi'*sterite . 


(A) 



% 



ii2 


p 

{1:0 

J/h 

Phase 

di 


Phase 

2 . 46 

100 

E 

2.46 

100 

E 

2.51 

78 

E 

2.51 

74 

E 

1.75 

58 

E 

2.76 

64 

E 

2.77 

55 

E 

2.25 

58 

E 

3.88 

54 

E 

1.75 

52 

E 

2.25 

48 

E 

3.88 

46 

E 


(B) 


% 





d i 

i/g 

Phas e 

d i 


Phase 

3.18 

37 

P/PH/E 

3.35 

36 

aU 

2.88 

32 

P/PH/E 

3.27 

38 

BMS 

2.46 

100 

E/M 

3.17 

33 

P/PH/1 




2.91 

34 

P/PH/E 




2.58 

23 

PH 




2 . 46 

100 

E/M 




1.94 

11 

P/E 




1.49 

35 

M/E/P 
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TAHLS 25 

X-ray avifi raction of Stoichiometric i'orsterite Coniposition of 
Talc, i-O-gnesite with AdcitiveSj both Sinterea at 12uU°C for 
5 hours 

(a) List of six liigb-e^r intensity lines of forsterite phase. 
(2) list of lines of intensity I/Iq higher than 10 for 
phases other ti'ian forsterite. 


(A) 






H. 

4 


d i 

lAo 

Phase 

"7' 0 " 

u ii 


Phase 

2-45 

100 

P 

2.47 

lOO 

P 

2.51 

93 

P 

2.52 

73 

P 

1.74 

64 

P 

2.79 

53 

P 

2.77 

61 

P 

1.75 

53 

P 

2.26 

56 

P 

2.25 

49 

P 

3.87 

r:i 

P 

1.48 

48 

P 


(B) 





S4 


d i 


Phas e 

a i 

UIp 

Phase 

3.33 

11 

aQ 

3.18 

44 

P/PH/1 

3.19 

28 

P/PH/E 

3.02 

27 

LG 

5 . 06 

16 

LG 

2. 89 

35 

P/PK/E 

2.88 

66 

P/PE/B 

2.47 

100 

P/M 

2.45 

100 

P/M 

2.13 

12 

M 

2.10 

50 

T, ,7 

i‘i 

1.95 

11 

P/P 

2.04 

12 

I4A 




1.94 

12 

P/P 




1.49 

47 

M/P/P 
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TABLE 26 


Uiiicieii'i; 

:ified X-ray i>i 

ff raction 

Lines in Pors 

terite Compositions 

Sample 

u i 

I/Io 

Sample 

6 . i 


% 

5.65 

23 


6,56 

16 

H i 

5.45 

16 

G2 

5.65 

10 



4.67 

10 

1 ? 

1.55 

10 


1.46 

11 


1.38 

12 




4 




6 . 60 

17 


1, 66 

11 




± 



% 

4.67 

12 





1.50 

46 



Measurement of K and Q of iiJlectroded Porsterite Samples Using fwo Connecting Leans 

on Each Pace 
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'TABLE 28 

Measurement of E and Q of Unshielded and Llectroaea Eorsteilte 
Sairrle Using i,i fie rent Humber of Leads ana different Lead Length 


T 


Ere quency 

eiio lead on each 

5 leads on each 

5 leans on each 

Ec/s 

sine; lead length 

side; lean 

sine but using 


8 era 

length 5 cm 

one loaa; Lead 
length 5 cm 



lx 

Q 

rr 

lx 

Q 

E 

Q 

5000 

7.88 

50 

7.28 

922 

8.13 

182 

6000 

7.64 

59 

6 , 86 

259 

8.05 

112 

7000 

7.83 

64 

7.23 

260 

8.17 

128 

8000 

7.87 

70 

7.37 

294 

8.32 

119 

9000 

7.82 

75 

7.26 

324 

8.23 

88 

lOOOO 

7.79 

71 

7.14 

257 

8 . 14 

100 

llOOu 

7.90 

82 

7.22 

237 

8.19 

81 

12000 

8.05 

72 

7.29 

283 

8.35 

88 
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TABL3 29 


1^1 6 3. SUIT' 3IIIG 

•Sainple Us 

nt of IZ 
ing rifi 

am 0 of Unshielaed 
'erant lead Lengths 

and 

FlectroaeG Forsterite 

Frequency 

Kc/s 



XI 





' 1^'aa 

6” lead 

12” 

l6act 


Q 

K 

Q 



2500 

4.62 

172 

4.55 

376 

4-65 

270 

3000 

4.49 

220 

4.56 

313 

4.63 

288 

4000 

4.55 

231 

4.60 

286 

4-8C 

279 

*4200 

4.S2 

206 

4.65 

285 

4.83 

235 

4200 

4.58 

224 

4.63 

282 

4.81 

273 

^*4700 

4.55 

275 

4.59 

272 

4.75 

282 

5000 

4.53 

275 

4.57 

272 

4.77 

271 

5500 





4.78 

226 

5700 

4.58 

222 

4.62 

291 



47 uu 

4.55 

242 

4.56 

247 

4.78 

271 

5 Ou u 

4.5 4 

492 

4.51 

273 

4.74 

336 

5700 

4 . 44 

252 

4. 50 

334 

4.74 

298 

7 000 

4.44 

275 

4.58 

392 

4.86 

254 

9000 

4 . 56 

258 

4.64 

261 

5.00 

247 

*10000 

4.49 

229 

4.63 

212 

5.05 

177 

10000 

m ^ 

223 

4.65 

214 

5.06 

167 

11000 





4.55 

144 

11200 



4.74 

222 



11400 

4.61 

199 






* i'requency swiucli claanged 

*^Frequeiicy overlap bet-ween higber and lower range. 
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11EL3 30 

Measurement of M and Q of Unguaraed, fllectroaed and ¥ired 

Torsterite Sample 


Frequency 
j£c /s 
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TABL3 31 

Measurement of K and Q of Forsterite Bamplos, Sintered at 1150°C and. 1200°C for 5 hours, under 

different baking, Condition 
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‘TAiiLE J) 2 

1‘leasuremerit of fZ and. Q of Slectroded Porsterite Samples 
Using Parallel Plate Set up 


i'requency 


Kc/s 

T''~ 

ll 

Q 

K 

Q 

K 

Q 

105 

5.77 

227 

6-70 

57 

5.89 

82 

26C0 

5.97 

200 

6.71 

149 

5.91 

83 

11500 

5 . SC 

85 

6.53 

71 

5.79 

33 


■TABLE 33 

Measurement of S and Q of Blectroded Porsterite Samples 
Using Parallel Plate Setup with Sharp and Plat Contacts 

at Either Ends 


Frequency 

i 


VII 




i:c/s 


Q 

K 

Q 

E 

Q 

105 

6. 62 

424 

6.54 

175 

7-68 

33 

2600 

6.81 

262 

6.93 

200 

7.58 

69 

11500 

6.77 

91 

6 « 64- 

56 

7.67 

157 


“Por this sample same assembly uas usea but with wire scratched 
at a portion. 
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■JiiHLi 3-; 

Heasureinent of E ana C, of Air by tbie Unguaraea Ga^^acitance 

ColX 


Air gap cm 

55 

lic/s 

80 

it/B 

K 


K 

Q 

0.025 

1.28 

2832 

1.62 

689 

G.G5u 

1.21 

2161 

2.02 

1752 

0.075 

1.28 

756 

2.51 

2517 

0.100 

1.33 

985 

3.00 

709 

0.125 

1.38 

818 

3.48 

2032 

0.150 

1.48 

625 

3.96 

339 

0.175 

1.55 

1975 

4.43 

1849 

0.200 

1.63 

1213 

4.91 

519 

0,250 

1. 63 

2916 

5.89 

324 

0.3a0 

1.82 

2720 

6,84 

989 

0. 35a 

1.95 

2496 

7.78 

470 


2.16 

1607 

8.74 

462 

0.500 

2.26 

2019 

10. 68 

452 
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TABLE 35 


Heasurenent of •:>. C and Q of Unguarded Forsterite Samples Using 
Capacitance Cell. 






xiii 




Frequency 

Ifc/s 

;j.r gap + 
sample , cm 

Without 

troding 

elec- 

■Jith 

aing 

electro- 

With 

aing 

paint 

electro- 
by thick 



aiC 

Q 


Q 

/'\C 

Q 


0.5 CC 

2.2 

14 

2.4 

170 

1-9 

75 


0.400 

4.9 

13 

4.9 

340 

4.1 

97 

55 

0.350 

11.7 

16 

6.7 

240 

5.9 

140 


0.300 

11.9 

7 

10.2 

540 

9.7 

280 


0.275 

16.4 

6 

13.5 

570 

12.4 

320 


0.250 

26.4 

4 

14.6 

510 

16.8 

390 


0.225 

37.1 

1 

27.4 

300 

25 . 6 

270 


When sample is touche a; ’without electroding K = 5-70 

With electroding K = 4.14 

With electroding by 

thicker paint K = 3.86 
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TixELS 36 


Measurement of -^v C and 
Varying Mlectroae Balci 

. Q of Unguaraea Forste 
ng lime Using Capacita 

rite 

nee 

Sample wi' 
Cell 

th 

Frequency Air gap + 

Kc /s s ampl 3 , c m 



XI 7 




Unelectroded 

V/ith ele 
ing 20 m 
baking 

ctrod- v/ith el' 
in. ing 120 

iiaking 

ectroa- 

min. 


4\C 

Q 


Q 

id 2 

Q 

0.500 

1.7 


___ 

1.2 

96 

1.9 

150 

0.4GO 

3.2 

160 

2.5 

12U 

3.1 

180 

0.300 

6.2 

84 

5.2 

82 

5.8 

330 

55 0.250 

9.4 

65 

7.9 

68 

8.2 

380 

0.2e0 

15.2 

41 

13.2 

49 

13.3 

510 

0.175 

22.7 

30 

19.1 

36 

18.3 

700 

0.15 c 

40.4 

25 

31.0 

23 

29.9 

450 

0.125 Un 

.measur- 


74.6 

11 

57.0 

230 

ab 

le 






When sam-iOle is touched 

. z 






With alectrodi 

ng, 20 

min .. baking 

K = 

6.10 


With electrodings 120 min. 

baking 

K = 

4.61 
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‘J^ABL.u 56 

keasureaieiib of ana of Air Using, Capaci'teaice Cell 


.ir gap 
cm 

. . , . .. J-_. 

I'iC/s 


55Kc/s 


i/'i* cm 

- ^ 


Aft cm 

,6\C 

vl 

0 # 0 

5 9 • 5 u 

3o.3 

48 

39.30 

30.7 

33 

^ ^ 0 

4S.12 

32.2 

42 

49.12 

32.8 

35 

C . > O U 

o5.4S 

35.2 

43 

45.49 

35.5 

38 

0 . 2UL 

1-6.24 

41.3 

62 

9S.24 

41.7 

38 

u.lOu 

1SS.4S 

58.0. 

77 

196,49 

58.5 

49 

u. u5o 

0 92. 1.7 

67.3 

124 

3S2.S7 

80.2 

73 

0 . u25 

I O A 

1 O../ « J -y 

135.7 

201 

735.94 

135.1 

114 
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TABLIi 39 

keasurement of AC ana Q of Air Using Capacitance Ceil 

Pro- Air'' 'Un3inaTdlodr^~lS'^aFde^ FH-Ola earthea, miigraaraed 

quency gap Anrangowcnt 1 Arrangement 2 Arrangement 1 Arrangement 2 


cm. G Q C 0 C C Q 



0.025 

45.2 

537 

43.6 

6u2 

72.2 

406 

79.7 

439 


0.100 

14.8 

202 

15.3 

254 

27.5 

169 

29-0 

164 

70 

0. 300 

8.4 

114 

9.0 

206 

16.5 

124 

17.2 

97 

Kc/s 











0.500 

7.8 

109 

8.0 

114 

13.3 

122 

14.9 

87 


0.025 

47.9 

611 

43.1 

440 

71,1 

334 

78.4 

379 

IMc/s 

0.100 

15.1 

120 

15.4 

157 

26.6 

125 

28.7 

139 


0.300 

8.5 

73 

9.4 

109 

16.9 

191 

17.0 

87 


0.500 

6 . 6 

75 

7.9 

91 

14 - 6 

377 

15.3 

54 


Arrangement 1 ; Using pin connector 
Arrangement 2 ; Pin connector was not used. 





J 


• I 


! ^ I® 

I o I 

i CD 

1 ^ ja 

d) i d , ^ 

I 'H I ?^■. I-; 

I ^ lU 

I vQ 


\<4 

[f\i 

03 

O 

r- 

ir- 

I 


VO 

Oj 


■p 'cy 

tn 


r-t 

r-| 

1 55. 

H 


P 



^ d o 

1=> d 

rd' CS -F* 

m d -H 

•''d a 


^ • 


»P i 

P 1 


1 i. 

O ' - 

*C) 

it! 1 

(D 

0 

d 

P 

d 

; ^ t 

0 

H 

# 1 

d 

0 

m, i 

!=> 

•H 

; Qjj 1 


Id 

p 


• cd j 

o 

; d 

1 d i 


> d> 

tU 1 

■3 


- 

■-d 

1 


d 


0 


: phh 

i & p-i 


; ^ 

* 

O 

3 

3 

iH 

O 

i d 

d ‘ 

■ir\ 


CM 

P 

Lr\ 

’ u m 

O : 

IX 

% 

ft 

* 


I -H 

1 <xl -V 

1 

! 

t 

1 

O 

■-N 

"3 

*3 

o 

1- 

t 


LfN 

Lf\ 


3 

"3 


>cr\ 


!>• 


:f>- 

eo^ 

in 

O 


f — 1 

lA 

O 

:f-| 

VO 

rA 

fH 


! O t- 

CM CM 
; CM !>“ 

I rs f 


^ ! 

Q) i-p 

^ ’pj 

H I 0 

O p! 


!=> 

i 


i 

>:» 

O i 

O 

; 

fli 


0 

0 ■ ^ 


H ! 



1 0 

c?3 1 


p! 1 



3 

o 

o 

r— 1 

: o 

3 


o 


1 — ! 

. o 

tA 

LA 

I'A 

A 

H 

: LA 

O 

• 


A 

1 » 

« 

O 

o 

3 

3 

! '3 

3 


+3 

u 


P 

"tn 

o 


o 

CQ 

-P 

p 

p 

•H O 

o 

o 

o 

‘E! 

o 

o 

0 

-P 0 

cl 

3 

:-H 

U 


jCj 

p 

-P 3 

o 

o 

O 

(Tj 3 

o 

o 

o 

'<J> V. ' 

3 

p 

Lj 

0. P 


■r] 

•p 

S.~'^ 

c 

0-{ 

p 

'6 v:. 




L> 

O ‘-'jj 

c ^ 

< 


-P o5 

jH 

CM 

CM 

-p 




0 m 

p 

4^ 

p 

r-: 

d 

d 

d 


0 

0' 

0 

0 

a 

a 


0 LCi 

0 

0 

0 

H 


pj 

QjJ 

f A O 

a 

d 

d 

S 

d 

d 

d 

cu 'S 

p' 

P 


:a *H 

u 

H 


m 


■<1 



H 

\-A 

pq 

<3:1 


CD 

O 

d 

CO 

-P 

•H 

o 

03 

c\3 

O 

d 

'H 


CQ 

u 

d 

CD 

r! 


U-D 

Fh 

o 

SH 

O 

O 

o 

o 

CM 

H 

-P 

•d 

0 

d - 
*H 


|.d 


H P^ 

0 o3 

CQ d ' U 
I 0 0 

t -:-3 ■ d 

! ‘ d CD ^ 

CD a 3 




C.O 
Ln 03 
KMx*dH 


H D\jr\ 
C3DC0 ODH 


^ CM 
CO iH 'vO 
UDiLA CM 


CM 00 LA CM 
£^“ A ’.£) MD 
CM CM CM 


00 

A 

CM 


A ■.D 
CO O- 


MO CM CO 
O- A A 


I'd 


[ CD O 


5b !m| 




p 

*+= 


-d 

rH P^ 

0 d 
l-H o 

r -H 

10 U 
I 0 


d 

d 



CM O- 00 A 

O 

CM CO 'H~ 'H" 

D 

d 

Ai 'p- 

A CM A CM 

H- OD A 

fH rH A 00 

A 

00 r-! 

O 6 0 

O O iA 1 

6 6 • « 

: O H i 

• CO 

O J l-d 

i 6 6 * • ' 

; OD o OD d ! 

' CM 

CM 

rH iH CM j 

1 H CvJ ' 

; f 

■ s 

H H C\J 

! t — 1 CM [ 

; H 

1 — 1 CM 


CM CM I CM CM CM 

i 


3 -O A A 
CM LA OO LA 

« » o « 

O rH o O 
I — { I — I ! — i CM 


Id 


CO KO D 
A OD lA 
LA A' H 


00 A 0 s::i- 

i 'jO H O cm 

L H H 

t 


A A A L O CM MO 

i O A H J ^ MO A 00 
'n CM ^ CM (H CM 


p-p ■■d 

j 

it 

II 

I 

' d CD CD 


F 

j 

1 

d s d 

i CM O 

S vjO CM 

! o 

? ° ^ 

O H- rH 

1 00 A A C A 

i; >d rH O 

^ d M 

6.6 

... 6 

1 6*6 

d o p t 

: H H ^ 

O CM A CM 

li r~-i H CO 

d T-j ?H 3 j 

g t,D j 

i £ 

H H CM 

1 r—j rH CM 

1 

[: rH H CM 

i 

i 

i ^ f 

I r i i 

A O A 

t O J — 1 ''■ 3> “H" 

1 

’ CD H CM 


CM -H- A 

i H A CM CM 

i D CO O-'I 

1 d d 'd jc?^' 

A UD H 

1 rH r"l rH 

• A 'M- r-I 

;d H d , 


■ 

I! 

Id d d : 

OJ V O OD 

1 !A CM O l>- 

i A A O 

i d -H O I 

mO CM [>- 

^ A A tH 

, A-M-GO 

' d ,-ci i 

0 • 0 

, • 0 6 6 

. 0 6 0 

.o CQ qo jM; 

H O J CN 

1 A CM O O 

i d O d- 

\ f ^ 

L li 

( — i ( — 1 CM 

\ H H CM 

^ 1 — ! tH CM 


'd* A UD CO 
MO MO A A 
» • * » 
O CM A ' Mr 
H H Ovl 



i CM CM A 
I rH CM O 
)>| K>\ t A CM 

} 

J CM MO MO 
c [ OD H™ H" 
1; i^'l I « 0 o 

! J OD -D CM 
j n-1 CM 
il 

7 


CM 


A 

O 


I H" MO ’H" H" 
\ H GO A A 
jj CM ( — 1 Al 


[A I — I lA ( — 1 

Q 0 O O 

MO 00 00 CD 

rH 


H CM A M- 


H-MO A 
d CO A 
A H' CM 


[ CW A^X) 
[ OD H~ H’ 

jj « • 0 

t A 00 CM 
S H CM 


OD "Ml’ Od H 
MO OD H rH 
CM CM A H 

00 CM cr- CO 
ao A MO v,o 
0 0 6 0 
OD CM O H 
H H CM 


I rH rH L'M CvJ 
I MO rH LA A 
, A H- rH 


i CM CM CM 'M- 

j P- 00 [A CM 

i; • * • 0 

i 'A iA CO 

L H 


rH CM -^Mi* , r”! CM A "'Mr 


lA 

pq 


L^^ 

O 


I'-.lT' 


OJ 

o 

0 

H 

rO 

(3 

n 

m 

aj 

0 

p 

.--1 

a 

0 

H 

rQ 

OS 

H 


A A 
MO (-•! 
H 


A rH 

O A 

MO 'P" 
H A 


MO l>~ 
O- CM 

rH 


rH I>-IA CM 

I 00 !>-MO CLD 


A H- 00 VO 
CM CD A 

® » . . 

^ ^ A 00 
I — I ( — I I — I CM 


H OD OD A' 
CO l>- A rH 
iH 


ji i j 

■o ir 

A A 00 CM 

i 0 
' ri 

IC- CM 

CM \X> MO d 

» 

? 1 ' 

CMd- CO 

OD O J A IC\ 

f 3 

1 

O H CM 

H H CM 

\ 

1 

O H 1 

A ’H-VO A 

^ o 

VD *H“ 

OD r~| LA A 

! H 

CM CM 

CM LA CM rH 

f CM 

H- A 

'd iH O rH 

[ 00 

CM‘ GO 

CM -p- CM rH 

t 

0 0 

o 0 a • 

' rH 

CM CM \ 

L— CO 0 CD 

1 

\ 

H CM j 

1 

• 

H H 

; H 

\ 

CM H' j 

1 

1 t-1 CM L A ‘p- 

ii 

? 

1 

LA 

[ LA 

I 

O 

t pq 


^0 

O 


o 

ir*- 


m 1 

F 


1 m 

o 



,.9h 

il 

rH 


6 

5 rH 

iH 

1 rH 



95 


TABLE 42 



Variation 

of the K Value 
Density 

with Change 

in 

Batch. 

Eo. 

nensity 

gms/cc 


E 


70 Ec/S 

1 . 1 Mc/S 

TTmc/b 


2.05 

4.1 

4.2 

4.2 

^2 

2.73 

5.7 

5.7 

5.9 


2.87 

6.3 

6.3 

6.6 

C 3 

2.88 

6 . 4 

6.3 

6.4 


1.36 

2.9 

2.9 

2.9 

"4 . 

1.98 

3.7 

3.7 

3.8 



Measurement of K and Q of Electroded and Wired Porsterite Sai:t5)les 
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TABLE 44 

Measurement of K of Electroded and ¥ired Eorsterite Samples 

with Varying Thickness 


Batch 

Bo. 

Sample 

No. 



K 




Too 

500 

Kc/S 

1 M'c'/s 

5 Mc/S 

10 Mc/S 

0 

C\j 


21 

6 . 86 

6.48 

7.02 

6. 86 

7.24 

6.75 

C3 

2B 

6.29 

6.41 

6.25 

6.18 

6.22 

6 . 37 


20 

6.23 

6.30 

6.20 

6.18 

6.19 

6.28 


Sample thickness; 2A -- 0.5464 cm 

2B - 0.5804 cm 
- 0.2520 cm 


20 



Bowen and Schairer 
(1935) 


Thilo and Rogge 
(1939) 


Foster 

(1952) 


* Clinocnstatite 



Enstatitc 


Clinoenstatite Protoenstatite 



Protoenstatite . Enstatite^-Clinoenstai 



Enstatite 


# as low as 1140°C 
^i^as low as 1100°C 


Fig 1 Schemes of polymorphism of MgSi 03 . 
(Ref. 5) 




intensity of diffraction 
pattern ( I 71^ ) 



noo 1200 1300 1400 1500 (melt) 

Calcination temperature ( °C) 

Intensity of diffraction patterns at various temperatures 
of calcination ^ ( Ref. 6^ fig.D 


Fig 2 




Patternd /I,^) Intensity of 

diffraction (% ) 



1400 1420 1440 14601480 1500 
Calcination 0400°C Firing temperature(°C) 

30 min 


Fig 3 Intensity changes of diffraction pattern of 

composition 95 % ( 2 MgO) (1.2 Si02 ) with 5 Vo 
Kaolin (PSF - 0) [Ref. 6, fig 31. 

(a) Protoenstatite (b) Cristobaiite 
(c) Quartz (d) Periclase 




Pattern (I /In) Intensity of 

diffraction (Vo) 



Calcination {1400°C, 30 min) Firing temperature (°C) 


Fig. 4 Intensity changes of diffraction pattern of composition 
85 Vo (2 MgO) (1,2 S 1 O 2 ) with 5 Vo Kaolin and 10 Vo BaCO- 
(PSF-B) [Ref 6, fig. 41. 
la) Cristobaiite ib) Quartz (c) Pcriclase 




Electroded and wired sample. 



"^Electrode 


One side electroded sample 

- Sandwitch o f two on e side electroded 

sompie 

Ficj 6 Sketch of electroded and wired 
forsterite samples. 





Type 
590 A 


Standar 
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Fig. 7 


Circuit for 
of the sin 
(details in 






Plan (arrangement 1 ) 



Elevation (arrangement 2) 

(etch of parallel plate setup for measuring 
e dielectric constant and Q ; the quality factor 
sintered forsterite sample. 





Skp.tch of unauarded and unshielded capacitance ceil for measuring 







100 Kc/s 
500 Kc/s 



Fig. 12 Variation of relative dielectric constant K with sample thickness for a forsterite 
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APPSIUIX - I 

Q-meter is an exceedingly useful instrument for 
measuring tlie characteristics of coils ana capacitors at 
raaio frequencies, flie ratio between the voltage developed 
across the ca,pacitive portion (c) of the resonant test 
circuit and the voltage injected into the circuit is actually 
measui’ed. 

Q = ™ = — 5 where e is the voltage injected into the 

Jtl Q 

test circuit ana is the voltage measured across the 
capacitor arc resonance, e is maintained at 0.01 voltj 
therefore 100 will be equal to the circuit Q and the meter 
can be calibrated to read Q directly. Phis lias been aone 
in the 260-AP» In the equation above, X is the reactance of 
either the capacitor or the inuuctor, the values being equal 
at resonance-, R is the sum of the resistances of the unknown 
and of the internal circuit, ana the resultant Q reading is 
that of the cix^cuit, rather than that of the unknovm compo- 
nent eilone. In most cases the Q of the unknown and the 
h 0! ;.lic circuit aiffer by a negligible amount, 

Jjcriva'tion of the formulae used in Q-meter measurements 
ai'c; von l.rj],ov.; 

jr i.liL. circuit is resonatea at a value C^, with a Q- 
roauin,-' of (,j| ijoforc introaucing the unloiown, then 
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1 

7c 


1 


vfhere L 


a 


Inductance 
2Tcf5 Mhexe f 
Capacitance 


= Frequency 


ana 


0 _ p:!! 

“1 R 


1 


c.>C^R 


where R 


liesistance. 


( 1 ) 


( 2 ) 


i'he ciisiracteristics of an unknown connected in parallel are 
expressed most simply in terms of parallel (inauctive or 
Capacitive reactance) ana R^. After the preliminary balance 
the adaition of requires a decrease in tuning capacitance 
(if X is capacitive) to a new value C2 ana (C2-C^) is the 
effective parallel capacitance of the unknown. Novjj 


and 




( 3 ) 


1 

iT 


aP>C 

Q2 

dPC^ 


1 


R 


2 2 2 


1 

R 


1 


1 + 


cj2 


R' 


RQ: 



(Replacing 

Using 

Therefore, Q„ 

(X 


1 + 

_1 

o'Cjl'- ’ 


by since 

Qi 0 

we get Rp = 



( C p — C-, ) Q-| Q_ 

“”6Y’^rQ^"~QP’ 
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APPENilX - II 


A dielectric material reacts to an electric field 
aifferently from a free space because it contains charge 
carriers that can be displaced, and charge aisplacements 
within the dielectric can neutralise a part of the applied 
field. Since, Y = Q/C, where V is the applied voltage and 
Q is the electrical charge that can be stored, and C = 
where IP is relative aielectric constant and is the 
capacitance in vacuum, we can x^rite for a capacitor contain- 


ing a dielectric 


Y = 


Q/IP 


C, 


( 1 ) 


That is, only a fraction of the total charge, the free charge 
Q/IP , sets up an electric field and voltage tox^ard outside,- 
the remainder, the bouna charge, is neutralised by polariza- 
tion of the dielectric. The total electric flux density 


1 can be represented as the sum of the electric field E and 
aii)ole charge P: 


JJ = Sq B + P = e'B (2) 

where the polarization is the surface charge o.ensity of the 


bouna charge, oqual to dipole moment per unit volume of 
niate.rj,n.i . In the sibove equation, and s' are the dielectric 
per ml t i;y of vacuum ana the dielectric material respec- : 

tively. ' I 

in, 
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In an iaeal caxDacitor the electric charge adjusts 
itself instantaneously to any change in voltage. In practice/ 
however 5 there is an inertia to charge movement that shows 
up as a relaxation time for charge transport ana have a 
dependence of aielectric constant on frequency. If the 
applied electric field is altei-nating at sufficiently lox’j 
frequencies the polarization will also alternate. v.'ith 
increasing frequency s the polarization will eventually have 
difficulty in following the field and will not have time to 
attain its fuILl value before the field reverses. With 
increasing frequency in this range the relative permittivity 
decreases (the 'dispersion' of the relative permittivity) 
and there is also a loss ^ or absorption^ of electrical energy 
xfliicli causes heating in the dielectric. The electronic 
polarization is the only process sufficiently rapid to follow 
alternative fields in the visible part of the spectrum. 

Ionic polarization processes are able to follow an applied 
high frequency field ana contribute to the dielectric constant 
at frequencies uj) to the infrared region of the spectrum. 

Orion lation eina sx^ace polarization have relaxation times 
CO rres ];)onain;_, to tho particular sj^stem and process butj in 
general y participate only at lower frequencies. 

In a. ioo cussing the xoroperties of a dielectric j it is 
coiv'y (;ni en;t in.i iiiiagi'-d-O the material situated between the 

i. iTMiijS (,)l ;,i ca pacitor. Howovoi', similar considerations 



apply wherever the material appears in an electric field, 
e.g. as insuJ.ation on wires forming connecting leads or coils 
or in the electric fiela associated with electromagnetic 
wave propagation. 

Considering a perfect loss free capacitor (e.g. two 
plane parallel plates in a vacuum) of capacitance G, having 
an applied alternating electric potential defined by the 
equation; 

B = Sq cosot (3) 

where E is the potential at time t, is the maximum value 
of the potential, cj is the frequency in raaians per second, 
and t is the time. 

Iho displacement current vector is 90 degrees out of 
phase with the potential. Thus, there is zero component of 
the current in phase with the potential and no electrical 
energy is lost by conversion to heat. 

If a aielectric is placed in the capacitor the displace 
ment current vector will be slightl3r less (6) than 90 degrees 
ahead of potential. Representing the electric field and 
displacement (flux density) in complex notation; 

(4) 

(5) 


Eo e 


ice t 


jj = e 


i (u)t“6) 


and making use of the relation 



one ob'Luins 
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IC* = Kg = Kg (0os6 - i Sin6) (7) 

where Kg = -is the static dielectric constant. In terms 

of a complex dielectric constant, 

3f r* 1 

K^ = K' - iK" = £- = (gi _ ign) (Q) 

^o ^0 

one has from Eq. 7 

K' = K„ Cos6 (9) 

K^' = K^ Sind (10) 

o 

and from Bqs. 9 and 10 the .loss tangent is given by, 

tan d = K"/K’ = e”/e' (11) 


This phase shift corresponding to a time lag between 
an- applied voltage ana induced current causes loss currents 
and energy dissipation in ac circuits which do not reqmre 
charge carrier migration. 

The me-ximum dielectric loss occurs when the period of 
the relaxation process, whatever it may be, is the same as 
the period of the applied field. ¥hen the relaxation time 
is large comparea with the period of the applied field, 
losses are small. Similarly when the relaxation process is 
rapid compai-ed with the frequency of the applied field, 
losses are sr/iall. 

The frequency dependence of the relative permittivity 
e' and dielectric loss factor e” for relaxation absorption are 
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described by the 'hebye' equations. 


e 


t 




1+0^ T 



( 12 ) 


e 


If 




CDT 

1 + 


tan 6 



(eA “ 


Q?' 


£'+ e^cj^T^ 


(13) 

(14) 


where el and e' are the relative permittivities below and 
0 cc 

above the absorption respectively 5 the factor e' - e’ being 
termed, the dissipe.tion of the relative permittivity; is 
the frequency in raaians per second; and t is the relaxation 
time of the system, which characterizes the rate of build up 
or decay of the polarization when an electric field is suddenly 
applied or removed. 

The above equations apply to both liquias and solids 
although different models are, used in their derivation. 


The,jjeb 3 ^o equations are based on the assumption that 

the ti’ansient polarization can be represented by a simple 

exponential x-dth a single relaxation time. Hence any model 

which predicts a simple exponential rise of polarization on 

applying a field will, in an ac field, lead to dielectric 

dispersion and absorption curves of the form given by 

eqns, 12 , 13 and I 4 . For most materials, however, the 
values 

experimental /are not well described by the uebye equations. 
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iili-ioi'/';,'/ lo.'ifieG in aielectrics result from three primary 
procoaness 

1. loii 'I tion losaes 

(a) jjc conductivity losses 

" .?';?■ : L ip.f •' , , ■ ■ ■ ■ ■ 

( b ) Ion ,, jump ana aipole relazation "losses 

2. Ion vibration ana deformation losses. 

3. electron polarization losses. 

Of these electron polarization losses give rise to absorption 
and colour in the visible spectrum. Ion vibration and deforma- 
tion losses become important in the infrared but are not a 
majoi' concern fcr freq.uencies below about 10^^ Hz. By far the 
major factor affecting the use of ceramic materials is the 
ion migration losses which tend to increase at low frequencies 
ana as the temperature is raised. 

Ihe loss factor can be written in terms of the electrical 
conauctivitys 


C :I E 


Co e ' tan 6 


( 15 ) 


or 


tan 6 = 


O' 

Ml'e 


(8.85sl0“-^)(27i;f )K' 


~1 


( 16 ) 


where conc.uctivity is given in ohm-cm . Ihese conauction 
migration losses a.re normally small. 


ihe to'i;al value for tan6 is the sum of individual contri- 
butions already discussed. At lower frequencies conduction 
losses bo come important, at moderate frequencies ion jump and 
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dipoltj loofioo o.i'G most important ^ at intermediate frequen- 
ui.c; .Lociric losses are small, and at sufficiently high 
frequencies ion polarization effects give energy ahsorption. 

For reasonably goo a insulators the conauctivity increases 
exponentially with temperature. Consequently, for this process 
¥e woula expect tan6 to increase exponentially with tempera- 
ture, as inaicated in Eq. iS. 
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